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 ABSTRACT 
MEMS-Based Temperature-Dependent Characterization of Biomolecular Interactions 
Bin Wang 
Biomolecular interactions are of fundamental importance for a wide variety of 
biological processes. Temperature dependence is a ubiquitous effect for biomolecular 
interactions as most biological processes are thermally active. Understanding the 
temperature dependence of biomolecular interactions is hence critical for a wide variety 
of applications in fundamental sciences and drug discovery and biotherapeutics. Micro-
Electro-Mechanical Systems (MEMS) technology holds great potential in facilitating 
temperature-dependent characterization of biomolecular interactions by providing on-
chip microfluidic handling with drastically reduced sample consumption, and well-
controlled micro- or nanoscale environments in which biomolecules are effectively 
manipulated and analyzed. This thesis is focused on various MEMS-based devices for 
temperature-dependent characterization of biomolecular interactions. 
Biomolecular interactions can occur with biomolecules in solution or with either 
the target or receptor molecules immobilized to a solid surface. For surface-based 
biomolecular interactions, we first present microcantilever-based characterization of 
biomolecular affinity binding with in-situ temperature sensing, using a demonstrative 
system of platelet-derived growth factor (PDGF) and an inhibitory ligand. The 
temperature-dependent kinetic and equilibrium binding properties are determined. In 
addition, a microfluidic approach for temperature-dependent biomolecular behavior with 
single-molecule resolution is also presented. Using a platform that combines microfludic 
sample handling, on-chip temperature control, and total internal reflection fluorescence 
 (TIRF) microscopy, we have studied the temperature dependence of the structural 
dynamics of transfer RNA (tRNA) translocation through ribosome in protein synthesis. 
For solution-based biomolecular interactions, we mainly focus on calorimetry, a 
technology that directly measures heat evolved in biological processes. We first present a 
MEMS differential scanning calorimetric (DSC) sensor integrating highly sensitive 
thermoelectric sensing and microfluidic handling for thermodynamic characterization of 
biomolecules. We have characterized the unfolding of protein (e.g. lysozyme) at 
minimized sample consumption with thermodynamic properties determined, including 
the specific heat capacity, molar enthalpy change, and melting temperature. In addition, 
we also present the development of a variant of standard DSC, temperature-modulated 
DSC (AC-DSC), on a MEMS device for thermodynamic characterization of 
biomolecules. Preliminary results again with lysozyme unfolding at optimum modulation 
frequencies have been presented with thermodynamic properties determined. 
Furthermore, we have developed a MEMS isothermal titration calorimeter (ITC) 
integrating thermally isolated calorimetric chambers, on-chip passive mixing, and 
environmental temperature control, for temperature-dependent characterization of 
biomolecular interactions. We have characterized the interactions of 18-Crown-6 and 
barium chloride, as well as ribonuclease A and cytidine 2’-monophosphate, in a 1-L 
volume with low concentrations (ca. 2 mM). Thermodynamic properties, including the 
stoichiometry, equilibrium binding constant, and enthalpy change, are also determined. 
Finally, some perspectives of future work are proposed, suggesting the strategies 
and noticeable issues for further development of MEMS/microfluidics-based devices for 
more efficient temperature-dependent characterization of biomolecular interactions. 
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Chapter 1 Introduction 
 
1.1 Background 
1.1.1 Biomolecular Interactions and Their Temperature Dependence 
Biomolecular interactions are the most fundamental phenomena in biological 
processes [1] including structural change of biomolecules, e.g., proteins, 
deoxyribonucleic (DNA) and ribonucleic (RNA) acids, and binding between various 
biomolecules such as ligand-DNA, ligand-protein, and protein-protein. Understanding 
biomolecular interactions is hence of critical importance for fundamental sciences, 
especially concerning the energetics of biomolecular interactions as the conformational 
and chemical complementarity between the biomolecules strongly influences cellular 
signal transduction and expression [2]. Moreover, modern drug development and 
therapeutics have thus increasingly relied on biomolecular interaction studies [3], 
noticing the fact that current experimental and computational screening of compounds for 
therapeutic drugs is mostly based on the characterization of the ligand-target affinity 
binding [4]. Therefore, there has been a strong need for techniques that can reliably 
characterize biomolecular interactions. 
Temperature dependence is a ubiquitously important effect for biomolecular 
interactions as biological processes are generally thermally active and the associated 
thermodynamic properties are naturally temperature-dependent. For example, protein 
folding, in which protein molecules fold into their characteristic three-dimensional 
structure, is typically exothermic; that is, heat is released in such processes. The reversed 
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process, protein unfolding, in which the three-dimensional structure of protein molecules 
is lost under heating, absorbs heat and is hence endothermic. Another more complicated 
example is with the ribosome, the biomolecular machine that is responsible for protein 
synthesis, or translation, in all living cells [5]. Previous studies on the translocation of 
transfer RNA (tRNA) through the ribosome during protein synthesis have demonstrated 
that pre-translocation ribosome-tRNA complexes undergo spontaneous and thermally 
activated fluctuations between two discrete and structurally well-characterized global 
conformational states [6]. Hence, an ability to study ribosome and tRNA structural 
dynamics as a function of well-defined temperature changes can reveal mechanistically 
important details regarding the energetics of biomolecular behavior. 
1.1.2 Importance of Temperature-Dependent Characterization of Biomolecular 
Interactions 
Temperature-dependent characterization of biomolecular interactions is crucial 
for drug discovery and bio-therapeutics. Affinity binding (generally the most 
fundamental of biomolecular interactions) is a chemisorptions process which results in 
high strength bonds between receptor and target molecules [7]. It involves large 
intermolecular forces and activation energies, resulting from the specific nature of the 
two participating molecules [8]. Since the binding affinity commonly involves 
thermodynamic activity and is determined by the Gibbs energy during biomolecular 
interactions [4], consideration of temperature effects is necessary in therapeutic ligand 
design. In addition, as in-vivo relevant therapeutic assays have become increasingly 
important, insight into the temperature-dependent nature of biomolecular affinity binding 
[9, 10] can be critical for understanding the mechanisms governing these interactions, 
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such as the efficacy of drug molecules under thermally active stimulation [11]. Moreover, 
knowledge about the temperature dependence of ligand-receptor systems can assist in 
identifying therapeutic targets by exploring receptor dysfunction associated with 
metastasic cell proliferation, or receptor recovery leading to tissue repair [12]. 
On the other hand, once fully characterized, the temperature dependence of 
biomolecular interactions can be also used for various biochemical detection and 
biomolecular manipulation. A well-known example of such applications is the 
polymerase chain reaction (PCR), the most powerful tool for fast, specific pathogenic 
detection [13]. PCR is based on the amplification of a very specific DNA sequence, 
referred to as the target sequence. In the presence of a particular enzyme, Taq polymerase, 
and specific primers (short strands of single-stranded DNA, complementary to part of the 
target sequence), the target sequence is duplicated by processing once through a cycle of 
different temperatures, generating multiple copies of the initial target DNA on an 
exponential basis [13]. Applications for biomolecular manipulation are based on the fact 
that binding equilibrium significantly migrates with temperature. At optimal temperatures, 
a receptor-analyte system can form strong binding while dissociates at another 
temperature depending on the conformation of receptor molecules [2] (Figure 1-1), which 
can be utilized for thermally controlled enrichment and detection of target analyte 
molecules in a fluidic environment [11]. 
Optimal Release 
Temperature
Analyte
Receptor
Optimal Binding 
Temperature
 
Figure 1-1: Schematic of thermally controlled binding and release of receptor-analyte [2, 11]. 
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1.2 Methods for Characterization of Biomolecular Interactions 
There have been many technical methods for biomolecular characterization. 
Biomolecular interactions can occur with biomolecules in solution or with either target or 
receptor molecules immobilized to solid surfaces. Surface-based biomolecular 
interactions, which are widely used in affinity biosensors [14], can be investigated with 
methods such as protein arrays [15], immunoassays [16], thermal-shift assays [17], 
surface plasmon resonance (SPR) [18] and quartz crystal microbalance (QCM) [19]. 
Meanwhile, solution-based biomolecular interactions are commonly characterized using 
methods such as UV-absorption [20], differential and titration calorimetry [21], matrix-
assisted laser desorption/ionization mass spectrometry (MALDI-MS) [22] and 
electrophoretic separation [23]. 
1.2.1 Surface-Based Biomolecular Interactions 
Most surface-based biomolecular interactions are based on bio-affinity assays [24] 
in which the receptor molecules are typically immobilized on a solid substrate while the 
target molecules are introduced and induce a detectable signal upon binding with receptor 
molecules. Affinity-based biomolecular interactions traditionally include antigen and 
antibody, lectin and carbohydrate, enzyme and inhibitory systems, as well as novel 
oligonucleotide aptamers [2]. Aptamers are a special class of molecules derived from 
RNA or DNA that bind to a target analyte with high specificity [2] by ways of precise 
stacking of moieties, specific hydrogen bonding, and folding upon binding to the target 
molecules (i.e., an aptamer molecule can incorporate small molecules into its nucleic acid 
structure or integrate into the structure of a large molecule [25]). These allow aptamers to 
distinguish between their target analytes and non-specific molecules by subtle variations 
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such as chirality, functional end group, or isoform [11].Aptamers have several advantages 
over conventional high-affinity reagents (e.g. antibodies or enzymes) including the wide 
applicability to virtually any target molecules as they can be synthesized [26], stability at 
room temperature, and convenience of modifying the terminal sites for easy 
immobilization to solid surfaces [27, 28]. 
The detection of surface-based biomolecular interactions is typically based on the 
following technologies: 
1. Fluorescence microscopy and spectrometry: Fluorescent groups are 
attached to the biomolecules through direct labeling to certain molecular sites 
[29], or sandwiched labeling using an intermediate analyte-specific reagent 
[30], and the quick scan of the fluorescence intensity gives information of the 
biomolecules printed on a solid surface or interactions between target and 
immobilized receptor molecules [15, 29, 30]. 
2. Surface plasmon resonance (SPR): SPR detection allows direct observation 
of biomolecular interactions between a target analyte and its binding receptor 
immobilized on a solid surface by measuring the changes in refractive index 
close to the sensor surface upon binding [18]. 
3. Thermal-shift assays: This is also called ThermoFluor [31] based on the 
observation that ligands perturb protein thermal stability upon binding to the 
protein in its native state, represented by an increase in the protein melting 
temperature [17] measured by fluorescence intensity change during the 
transition. 
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4. Quartz crystal microbalance (QCM): QCM measures the shift of resonant 
frequency of a thin quartz oscillator whose surface is functioned and 
immobilized with receptor molecules upon. Upon binding with target analyte 
molecules, the change in mass causes a change in resonant frequency which 
can then be related to biomolecular interactions [32]. 
5. Cantilevers: Using microcantilevers whose surface is immobilized with 
receptor molecules, the binding with target analyte molecules is transduced to 
a mechanical signal and can be detected through the cantilever deflection 
(static mode) or the resonant frequency change (dynamic mode) [33]. 
1.2.2 Single-Molecule Investigation of Biomolecular Interactions 
Single-molecule studies, in contrast to ensemble measurements, involve direct 
observation and analysis of individual biomolecules, allowing access to mechanistic 
information that is often obscured in ensemble measurements [34]. A major strength of 
studying biological processes with single-molecule resolution is the direct measurement 
of distributions of molecular properties, rather than their ensemble averages [34]. By 
constructing histograms of particular physical chemical properties for many individual 
molecules, deviant subpopulations can be identified and characterized [34]. Moreover, 
the recording of single molecule trajectories allows real-time observation of biological 
processes and rare and short-lived intermediates [34]. The absence of a need for 
synchronization of the entire ensemble of molecules allows us to extract detailed 
dynamical information from single-molecule trajectories, otherwise obscured in kinetic 
ensemble studies by dephasing processes [5, 35-37].  
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Single-molecule investigation is ideally suited for characterization of 
biomolecular association and dissociation kinetics under equilibrium conditions [34]. 
Single-molecule methods do not only enable direct observation of binding and unbinding 
events for a very precise determination of rate constants [38], but also allow the 
visualization of various types of heterogeneity in binding properties [34]. There has been 
single-molecule characterization of biomolecular interactions and correlation to 
information on structural conformation [39-41]. 
Contemporary single-molecule studies have benefitted greatly from the 
development of advanced surface-based biomolecular characterization techniques, such 
as single-molecule fluorescent microscopies [42] based on sensitive optical probes [43], 
effectively providing molecular structural and functional information at the single-
molecule level. Building on these advances, single-molecule studies of a wide range of 
biochemical systems have led to significant advances in the mechanistic understanding of 
such systems [44-50]. 
1.2.3 Biocalorimetry 
Among the technologies for solution-based biomolecular characterization, 
calorimetry has been an increasingly attractive method with distinct advantages over 
other techniques. Calorimetry directly measures heat evolved in biological processes and 
allows for determination of thermodynamic properties [51-53], and is universally 
applicable to a wide variety of biomolecules in that almost all reactions are thermally 
active. As calorimetric measurements occur in solution phase without restrictions from 
biomolecular immobilization to solid surfaces, the biomolecules can retain their full 
conformational changes and avidity effects during interactions [54, 55]. Additionally, 
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calorimetric measurements are label-free in that biomolecules are not required to be 
labeled with a radioactive, enzymatic or fluorescent labeling groups to report molecular 
binding or conformational changes. To date, calorimetry has been widely used in drug 
discovery and biotherapeutic development [56]. 
There are two major types of calorimetry depending on the operation mode: 
differential scanning calorimetry (DSC) and isothermal titration calorimetry (ITC). 
DSC (Figure 1-2a) involves measuring heat by monitoring the differential thermal 
activity between a sample and a reference material in two matched calorimetric chambers 
whose temperatures are scanned at a specified rate over a chosen range [57, 58]. The 
thermally induced activity of the sample molecules, which is either exothermic or 
endothermic, causes a thermal power difference between the sample and reference 
materials (i.e., differential thermal power). Measurement of the biologically induced 
differential thermal power leads to the determination of the thermodynamic properties of 
the sample biomolecules. Because of ubiquitous heat production or absorption in 
biomolecular conformational transitions such as protein folding and unfolding, DSC is 
widely used for characterizing such processes [51-53, 59-61]. 
ITC (Figure 1-2b) measures heat evolved in a biochemical reaction as a function 
of the molar ratio of reactants. In particular, a binding reagent is titrated, or added in 
known aliquots, into a sample, while the reaction heat is measured and used to calculate a 
full set of thermodynamic properties [62]. It can simultaneously determine all binding 
parameters with a single set of experiments, and thus provides an efficient, high-precision, 
label-free method for characterization of biomolecular interactions [63]. To date, ITC has 
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been widely used for applications in fundamental sciences [64-66], as well as drug 
discovery and biotherapeutics development [67-69]. 
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(a) (b)  
Figure 1-2: Schematic of the principle of (a) DSC and (b) ITC. 
1.2.4 Temperature-Controlled Biomolecular Interactions 
With temperature-control functionalities equipped with the biomolecular 
characterization technologies listed above, temperature-dependent characterization of 
biomolecular interactions is possible. However, such studies are generally limited by the 
conventional technologies in which temperature control to bioassays is achieved by 
maintaining the entire physical space in which the experiment is performed at a suitable 
temperature [70] or placing devices on external temperature-controlled modules [71]. 
These schemes are unsuitable for real-time biomolecular characterization as they 
typically involve heating of large thermal masses, inaccurate temperature sensing, and 
slow thermal response. For example, current cantilever-based characterization of 
biomolecular interaction at accurately controlled temperatures is scarce, while the few 
existing examples  offer limited interpretation of affinity binding kinetics at relatively 
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low temperature resolutions [72]. In addition, the measurement of the temperature-
dependence of single-biomolecular behavior remains a major challenge [73], and 
generally suffers from heating of large thermal masses and temperature sensing in regions 
far removed from the single molecules under investigation, and is hence cumbersome, 
slow, and relatively inaccurate [74, 75]. 
 
1.3 Micro-Electro-Mechanical Systems (MEMS) for Characterization of 
Biomolecular Interactions 
1.3.1 MEMS Technology and Opportunities in Biomolecular Characterization 
Micro-Electro-Mechanical Systems (MEMS) technology features miniature 
devices that integrate electrical and mechanical components with sub-micrometer to 
millimeter sizes. MEMS devices are fabricated using techniques involving thin-film 
deposition, lithography, and selective etching, which are originally derived from 
integrated circuit fabrication techniques. MEMS technology enables batch fabrication of 
devices with reduced manufacturing cost and time. In addition, MEMS devices offer 
miniature sizes and maximal portability, and can allow for improved time responses, high 
sensitivity, and low power consumption. Furthermore, MEMS devices are easily 
integrated with microfluidic handling of well-defined liquid-phase samples and more 
importantly, well-controlled micro- or nanoscale environments in which biomolecules are 
effectively manipulated and analyzed [76]. Therefore, MEMS technology tailored to 
biomedical applications holds great potential in facilitating characterization of both 
surface- and solution-based biomolecular interactions. 
  
11
1.3.2 Current Surface-Based Biomolecular Characterization in MEMS Devices 
Recently, there has been increasing attention of microcantilevers to study surface-
based affinity binding [77], offering a highly sensitive, low-cost platform capable of 
label-free, real-time detection of biomolecular interactions and conformational changes 
[78, 79]. Microcantilevers have been applied to studies of membrane protein-ligand [80], 
antibody-antigen [81], receptor-ligand [82], protein-protein [83], and protein-DNA [84] 
systems. Due to the miniaturization nature of microcantilevers, they are also easy to 
integrate with other MEMS and microfluidic functional elements to allow for effective 
environmental control for biomolecular characterization. Moreover, unlike other surface-
based biomolecular characterization techniques such as SPR [18] and QCM [19], 
cantilevers can distinguish between binding molecules in active and inactive forms as the 
measurement is based on the change of surface stress across the cantilever surface [72], 
which is highly specific to conformational change of immobilized receptor upon binding. 
A variety of microfluidic devices have also been created for surface-based single-
molecule investigations[76]. For example, rapid single-molecule bioassays have been 
performed in microchannels in combination with microscopic techniques such as total 
internal reflection fluorescence (TIRF) microscopy[85]. These microscopy-based 
microfluidic systems have facilitated studies including the hybridization DNA probes to 
surface-immobilized DNA targets[86] and the kinetics of chromatin assembly on 
individual DNA molecules[87]. In addition, microfabricated submicron-sized 
channels[88], molecular-confinement microfluidic reactors[89], microcavities[90], and 
microelectrodes[91] have all been incorporated into microfluidic devices in order to 
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provide controlled experimental conditions for various biological studies at the single-
molecule level. 
1.3.3 Current MEMS-Based Calorimetric Devices 
Several MEMS calorimetric devices have been reported in the literature. Lai et al. 
[92] developed a chip-based microcalorimeter for characterization of properties of 
polymers and other thin film materials. Jaeggi et al. [93] reported a thermoelectric AC 
power sensor using a polysilicon/aluminum thermopile realized by complementary 
metal–oxide–semiconductor (CMOS) IC technology. Hagleitner et al. [94] described 
smart thermal sensors highly integrated with solid-state thermopiles by CMOS and 
micromachining technology for gas sensing. Cavicchi et al. [95] presented a MEMS 
calorimetric sensor with a silicon nitride diaphragm and solid state thermopile for 
combustible gas detection. Barnes et al. [96] reported a bimetallic microcalorimeter with 
femtojoule sensitivity for use as a photothermal spectrometer. Johannessen et al. [97] and 
Verhaegen et al. [98] described chip-based calorimeters for measurement of catalase 
activity within a single mouse hepatocyte and detection of cell metabolism. Chancellor et 
al. [99] and Olson et al. [100] presented micromachined calorimeters that demonstrated 
measurement of enthalpy changes due to evaporation of water droplets.  
However, the existing MEMS calorimetric devices are generally limited by 
several critical issues. One issue is in the inability to properly handle liquid samples in a 
well-defined environment. Current MEMS calorimeters are mostly limited to solid- [92, 
101] or gas-phase [95] or droplet-based [102] detections. There have been reports on 
devices integrating sensitive thermal sensors situated on freestanding membranes for 
liquid-phase calorimetric measurements [99, 103]. However, such devices either involve 
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measurements in open environments without proper fluid confinement [99], which are 
prone to environmental disturbances and also do not yield volume-specific information, 
or use off-chip external flow cells, which are not amenable to miniaturization and require 
rather large sample consumption [103]. 
Alternatively, by integrating microfluidic chambers or channels as biological 
reactors, flow-through and continuous-flow MEMS calorimeters [104] have been 
reported. The calorimetric sensing in these devices can be achieved through IR 
thermography [105], mechanical resonation [106], or integrated thin-film thermal sensors 
such as a resistor [107] or a thermopile [108]. These devices provide controlled fluidic 
environments and can allow easy integration with other microfluidic functionalities or 
thermal sensing configurations [109] for biochemical thermodynamic investigations. 
However, they still require a large amount of samples while being limited by significant 
convective heat leakage due to the continuous flow. More importantly, the measurements 
are mostly conducted without well-defined volumes [104], which makes it difficult to 
obtain quantitative information associated with the reaction. In addition, the existing 
MEMS calorimetric devices generally lack mixing functionalities [110], which is critical 
for reaction between microfluidic samples. Moreover, the temperature control for 
measurements of biochemical reactions is typically missing, and prevents from 
determining temperature-dependent binding properties [111]. 
1.3.4 MEMS-Based Temperature-Dependent Characterization of Biomolecular 
Interactions 
The critical need of temperature-dependent characterization of biomolecular 
interactions can be potentially addressed by leveraging MEMS/microfluidic devices fully  
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Table 1-1 Working principle, range, and comments on mostly used micro-temperature sensors [113]. 
 
 
integrated with on-chip temperature-control functionalities. Conventionally, temperature 
control to bioassays is achieved by maintaining the entire physical space in which the 
experiment is performed at a suitable temperature [70] or placing devices on external 
temperature-controlled modules [71]. These schemes are unsuitable for real-time 
biomolecular characterization as they typically involve heating of large thermal masses, 
inaccurate temperature sensing, and slow thermal response. Recent microfluidic devices 
using on-chip circulating water bath with no temperature sensing in the detection 
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channels [112] feature open-loop temperature control strategy that does not allow 
adequate accuracy and is rather cumbersome in operation, especially during the transition 
between temperature setpoints. In contrast, micro-heaters and temperature sensors (Table 
1-1 [113]) hold great potential in addressing this critical issue. Among these sensors, 
microfabricated thin-film temperature control elements integrated within microfluidic 
channels or chambers allow for simple fabrication and integration for efficient 
temperature-dependent investigations [114]; however, their application for characterizing 
biomolecular interactions has yet to be fully explored. 
 
1.4 Significance and Contributions of This Thesis 
The main thrust of this Ph.D. thesis is to address the opportunities for MEMS 
technology in biomolecular characterization. MEMS devices that integrate microfluidic 
handling, miniature environment control, and thermal transduction functionalities have 
been developed for characterization of various biomolecular interactions both surface- 
and solution-based. Based on systematic measurements conducted in these devices, 
thermodynamic properties and their temperature dependence associated with the 
biomolecular interactions have also been elucidated. Work performed in this thesis will 
contribute to establishing a solid foundation for realizing integrated miniature instruments 
or systems that meet challenges not attainable with currently available technologies for 
temperature-dependent characterization of biomolecular interactions. The significance of 
this thesis is summarized below. 
Integrated real-time, in-situ temperature control to biomolecules in 
microfluidic devices with well-defined environments: To address the issues with 
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current temperature-dependent investigations of surface-based biomolecular interactions, 
thin-film resistive micro-heaters and temperature sensors have been directly fabricated 
on-chip in the biomolecular detection region to provide in-situ temperature sensing and 
closed-loop controlled temperatures to biomolecules in the detection. More importantly, 
the integrated MEMS thermal transducers have been carefully designed for different 
needs within well-defined environments in various applications. For example, an indium 
tin oxide (ITO) resistive temperature sensor on a glass cover of a microfluidic chamber is 
used to measure the chamber temperature, as well as unobstructed optical access for 
reflection-based optical detection. While for heating uniformity in microchannels, 
microheaters are placed on either side of a microchannel, and temperature sensors with 
sufficiently small footprints are located in the center of the microchannel. This 
configuration ensures that the region of the chip heated by the microheaters is much 
larger than the detection volume, thus eliminating non-uniform temperature distributions 
within the detection volume. 
DSC and ITC characterization with well-defined miniature volumes of 
liquid-phase biomolecules: While existing MEMS calorimetric devices are limited by 
inadequacy of properly handling liquid samples in a well-defined environment, or lacking 
volume-specific information for quantitative determination of thermodynamic 
information, we have developed MEMS devices integrating microfluidic calorimetric 
chambers with maximized thermal isolation, integrated thin-film thermoelectric sensors 
and resistive micro-heaters and temperature sensors, and on-chip microfluidic mixing for 
DSC and ITC measurements of liquid-phase biomolecular samples with well-defined, 
miniature volumes that are three orders of magnitude smaller than those used in 
  
17
conventional calorimeters. Other noticeable advantages of MEMS DSC and ITC devices 
include reduced thermal mass and thus rapid thermal response, enhanced throughput by 
integration of parallel functional units, and low cost by MEMS batch fabrication. 
Thermodynamic properties of biomolecules determined from the 
measurements, with important temperature-dependent information previously 
unavailable: Notably, the interpretation of the measurement results using the MEMS 
devices for biomolecular interactions has been conducted attributable to the well-defined 
sample volumes and reaction environment. This allows, for the first time, full elucidation 
of temperature-dependent thermodynamic information of several biomolecular 
interactions of critical scientific and therapeutic interest. For example, the temperature-
dependent affinity properties of the binding between platelet-derived growth factor 
(PDGF), a protein regarded as a ubiquitous mitogen and chemotactic factor in 
angiogenesis, and an affinity aptamer have been determined and can potentially used for 
the screening and optimization of inhibiting ligands of PDGF and other target molecules. 
In addition, our investigate the temperature-dependence of ribosome and tRNA structural 
dynamics reveal that the previously characterized, thermally activated transitions between 
two global conformational states of the pre-translocation ribosomal complex have well-
defined, measurable, and disproportionate effects and persist at physiological temperature. 
The important information listed above is unavailable in previous literature.  
Following the significant approaches above, the major contributions of this thesis 
are summarized as follows: 
Design and development of microfluidic devices integrating on-chip 
temperature control for surface-based biomolecular interactions: Microfluidic 
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devices integrating on-chip micro-heaters and temperature sensors have been developed, 
either exploiting microcantilevers for temperature-dependent characterization of 
biomolecular affinity binding, or combining prism-based total internal reflection 
fluorescence (TIRF) microscopy for investigation of the temperature dependence of 
biomolecular activity with single-molecule resolution. For each case, the integrated 
MEMS thermal features are designed to ensure accurate and uniform temperature control 
as well as compatible with the biological detection systems. 
Characterization of surface-based biomolecular interactions, obtaining 
temperature-dependent thermodynamic information: With the microcantilever device, 
we demonstrate label-free characterization of temperature-dependent binding kinetics of 
the PDGF protein with an aptamer receptor. Affinity binding properties including the 
association and dissociation rate constants as well as equilibrium dissociation constant 
are obtained, and shown to exhibit significant dependencies on temperature. With the 
single-molecule detection device, we investigate the temperature-dependence of 
ribosome and tRNA structural dynamics through the ribosome during protein synthesis. 
Thermally activated transitions between two global conformational states of the pre-
translocation ribosomal complex show temperature-dependent rates with well-defined, 
measurable, and disproportionate effects. 
Design and development of MEMS calorimetric sensors: MEMS devices 
integrating sensitive thermoelectric sensing and microfluidic handling have been 
developed for calorimetric detection of biomolecules. In particular, two matched 
microfluidic chambers are situated on freestanding diaphragms and surrounded by air 
cavities for maximized thermal isolation. Thin-film resistive micro-heaters and 
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temperature sensors are integrated for on-chip device calibration and in-situ temperature 
monitoring, while a thermopile is also integrated with its hot and cold junctions aligned 
to the calorimetric chambers for sensing the differential temperature caused by 
biomolecular interactions. For effective measurement of biochemical reaction, the 
chambers are connected to inlets through passive chaotic mixers. 
Demonstration of biomolecular characterization in various functional modes: 
standard (DC) and temperature-modulated (AC) DSC, and ITC: For DSC 
measurements, the devices are situated in a thermal enclosure which shields 
environmental disturbances as well as provides temperature scanning to the devices. DC-
DSC requires the temperature to be varied at a constant rate within a range of interest 
while AC-DSC uses the on-chip heaters to generate an AC modulated heating power to 
samples. For ITC measurements, the temperature is controlled at setpoints by the thermal 
enclosure while the reactants at varying molar ratios are introduced, mixed, and their 
reaction detected. We have characterized protein unfolding (e.g., lysozyme) using DC- 
and AC-DSC, and biomolecular interactions (e.g., 18-Crown-6 and barium chloride, and 
ribonuclease A and cytidine 2’-monophosphate) using ITC measurements. 
Interpretation of DSC and ITC measurements, obtaining thermodynamic 
properties of biomolecular stability and temperature-dependent biomolecular 
interactions: Based on the calorimetric measurements on the MEMS devices, analytical 
modeling and data fitting have been performed to determine the critical thermodynamic 
properties of the biomolecular interactions. DSC characterization of protein unfolding has 
led to the specific heat capacity, molar enthalpy change, and melting temperature of the 
protein; while ITC characterization of biomolecular interactions has led to the 
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stoichiometry, equilibrium binding constant, and enthalpy change of the interactions. The 
obtained values have also been compared with established data using conventional 
calorimeters. 
 
1.5 Thesis Outline  
In this thesis, several MEMS devices integrating microfluidic handing and 
thermal transduction for temperature-dependent characterization of biomolecular 
interactions will be presented. The work incorporated in this thesis can be divided into 
two major categories: characterization of surface-based biomolecular interactions based 
on microcantilevers (Chapter 2) and single-molecule detection (Chapter 3), and 
characterization of solution-based biomolecular interactions using MEMS-based 
calorimetric devices (Chapters 4 – 6). 
In Chapter 2, label-free characterization of temperature-dependent biomolecular 
affinity binding on solid surfaces using a microcantilever device will be introduced. The 
device consists of a polymer cantilever, whose surface is functionalized with molecules 
as an affinity receptor to a target analyte, located in a microfluidic chamber integrating a 
transparent ITO resistive temperature sensor on the underlying substrate. The ITO sensor 
allows for real-time measurements of the chamber temperature, as well as unobstructed 
optical access for reflection-based optical detection of the cantilever deflection. The 
measured cantilever deflection is used to determine the target-receptor binding 
characteristics. We demonstrate label-free characterization of temperature-dependent 
binding kinetics of the PDGF protein with an aptamer receptor. Affinity binding 
properties including the association and dissociation rate constants as well as equilibrium 
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dissociation constant are obtained, and shown to exhibit significant dependencies on 
temperatures.    
In Chapter 3, a microfluidic approach for single-molecule studies of the 
temperature-dependent behavior of biomolecules will be presented. The approach couples 
a temperature-controlled microfluidic flowcell to a prism-based TIRF microscope. The 
microfluidic flowcell comprises a set of parallel microchannels sandwiched between a 
quartz microscope slide and a glass coverslip, onto which thermal control elements are 
integrated. The temperature inside a microchannel selected for single-molecule 
measurements is maintained at a desired setpoint using a closed-loop control of the on-
chip heaters and temperature sensors. The platform is used to study the temperature 
dependence of ribosome and tRNA structural dynamics that are required for the rapid and 
precise translocation of tRNAs through the ribosome during protein synthesis. The results 
provide a robust experimental framework for investigating the thermodynamic activation 
parameters that underlie transitions across these barriers.  
Chapter 4 introduces a MEMS DSC sensor for characterization of liquid-phase 
biomolecular samples. The device consists of two microchambers, each of which is based 
on a freestanding polyimide diaphragm and surrounded by air cavities for thermal 
isolation. The chambers are each equipped with a thin-film gold resistive heater and 
temperature sensor, and are also integrated with a thin-film antimony-bismuth (Sb-Bi) 
thermopile. For DSC measurements, the chambers are respectively filled with a 
biomolecular sample and a reference solution, with their temperature varied at a constant 
rate. The thermopile voltage is measured to determine the differential power between the 
chambers for thermodynamic characterization of the biomolecules. The device is used to 
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measure the unfolding of proteins in a small volume (1 L) and at practically relevant 
concentrations (approximately 1 mg/mL), demonstrating the potential of MEMS 
calorimetry to enable sensitive biomolecular characterization with minimized sample 
consumption. . 
In Chapter 5, a MEMS-based approach to AC-DSC for biomolecular 
characterization will be presented. Based on a MEMS device integrating microfluidic 
handling with highly sensitive thermoelectric detection as well as on-chip AC heating and 
temperature sensing, we perform, for the first time, MEMS-based AC-DSC detection of 
liquid biological samples, demonstrated by the measurements of protein unfolding. The 
specific heat capacity and the melting temperature of the protein during the unfolding 
process are obtained and found to be consistent with published data. This MEMS AC-
DSC approach has potential applications to label-free characterization of biomolecules.  
In Chapter 6, we present a MEMS-based ITC device for characterization of 
biomolecular interactions. The MEMS device consists of two identical microchambers, 
each situated on a freestanding diaphragm and surrounded by air cavities for effective 
thermal isolation. The chambers are integrated with a sensitive thin-film thermopile and 
connected to the inlets through a passive chaotic micromixer. The mixer uses 
herringbone-shaped ridges in the ceiling of a serpentine channel to generate a chaotic 
flow pattern that induces mixing of the incoming liquid streams. We demonstrate 
experimental results of the biomolecular interactions in a 1-L volume. Consistent 
temperature-dependent thermodynamic properties of the biomolecular binding, including 
the stoichiometry, equilibrium binding constant, and enthalpy change, are also obtained, 
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demonstrating the potential of efficient thermodynamic characterization of biomolecular 
interactions with minimized sample consumption.  
This thesis will conclude with a summary and a discussion of future work in 
Chapter 7.  
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Chapter 2 Microcantilever-Based Label-Free Characterization of 
Temperature-Dependent Biomolecular Affinity Binding 
 
This chapter presents label-free characterization of temperature-dependent 
biomolecular affinity binding on solid surfaces using a microcantilever-based device. The 
device consists of a Parylene cantilever one side of which is coated with a gold film and 
functionalized with molecules as an affinity receptor to a target analyte. The cantilever is 
located in a poly(dimethylsiloxane) (PDMS) microfluidic chamber that is integrated with 
a transparent indium tin oxide (ITO) resistive temperature sensor on the underlying 
substrate. The ITO sensor allows for real-time measurements of the chamber temperature, 
as well as unobstructed optical access for reflection-based optical detection of the 
cantilever deflection. To test the temperature-dependent binding between the target and 
receptor, the temperature of the chamber is maintained at a constant setpoint, while a 
solution of unlabeled analyte molecules is continuously infused through the chamber. The 
measured cantilever deflection is used to determine the target-receptor binding 
characteristics. We demonstrate label-free characterization of temperature-dependent 
binding kinetics of the platelet-derived growth factor (PDGF) protein with an aptamer 
receptor. Affinity binding properties including the association and dissociation rate 
constants as well as equilibrium dissociation constant are obtained, and shown to exhibit 
significant dependencies on temperature. 
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2.1 Background 
Biomolecular affinity binding is of fundamental importance for fundamental 
sciences [2] and drug development and therapeutics [3]. Temperature-dependent 
characterization of biomolecular affinity binding is crucial [4, 9-11]. One clinically 
significant example is the development of inhibitory ligands for PDGF, a protein 
regarded as an ubiquitous mitogen and chemotactic factor [20] in angiogenesis. If the 
inhibitory ligands to PDGF are used in vivo, it is crucial to understand the temperature-
dependence underlying PDGF-ligand interaction. Therefore, there is a strong need for a 
technique that can reliably characterize the effects of temperature on biomolecular 
affinity binding. 
Affinity binding can occur with target and receptor molecules in solution, or with 
either molecule immobilized to solid surfaces. Characterization of surface-based affinity 
binding, which is typically based on affinity biosensors [14], can be investigated with 
methods such as protein arrays [15], immunoassays [16], and thermal-shift assays [17], 
which use fluorescent or radioactive labeling groups to signal binding events. Such 
labeling of target or receptor molecules is in general time-consuming and labor intensive, 
and is not capable of distinguishing signals from analytes in inactive and active forms 
[115]. More importantly, when used for temperature-dependent studies, fluorescent or 
radioactive labeling compounds can be temperature-dependent in their own right, or 
interfere with the binding under investigation. 
Label-free methods, such as surface plasmon resonance (SPR) [18] and quartz 
crystal microbalance (QCM) [19], have also been used for characterization of affinity 
binding on solid surfaces. More recently, there has been increasing use of 
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microcantilevers to study surface-based affinity binding [77]. Compared with SPR and 
QCM, the significant advantages of using microcantilevers include distinguishing the 
bound molecules in active and inactive forms, and the wide applicability to various 
experimental configurations involving other microfluidic and MEMS functional elements. 
However, there has been a lack of studies that adequately characterize 
temperature-dependent thermodynamic properties of the binding interaction [116]. 
Currently, microcantilever-based characterization of biomolecular interaction at 
controlled temperatures is scarce, while the few existing examples [72] offer limited 
interpretation of affinity binding kinetics at relatively low temperature resolutions. This 
need can be potentially addressed by leveraging temperature-control microdevices. 
Conventional schemes, such as heating the entire physical space in which the devices are 
located [70] or placing devices on external temperature-controlled modules [71], are 
unsuitable for real-time biomolecular characterization as they typically involve heating of 
large thermal masses, inaccurate temperature sensing, and slow thermal response. 
Microfabricated thin-film temperature control elements integrated within microfluidic 
devices allow for efficient temperature-dependent investigations [117]; however, their 
application for characterizing biomolecular affinity binding has yet to be fully explored. 
This chapter presents label-free characterization of temperature-dependent 
biomolecular affinity binding on solid surfaces, using a microfluidic device integrating 
sensitive polymer cantilevers and on-chip temperature sensing. With in-situ temperature 
sensing enabled by an integrated temperature sensor with unobstructed optical access, the 
device enables the elucidation of kinetic and equilibrium binding properties at well-
controlled temperatures, and can be potentially extended to study transient thermal effects 
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on biomolecular binding. Using the device, we demonstrate a label-free study of 
temperature-dependent affinity binding between PDGF and a complementary aptamer. 
Quantitative binding properties are obtained as a function of temperature, including the 
association and dissociation rate-constants (kon and koff) as well as equilibrium 
dissociation constant (Kd). These results offer previously unavailable insight into the 
temperature-dependence of the aptamer-PDGF affinity system. 
2.2 Materials and Methods 
2.2.1 Principle 
Microcantilevers can transduce surface-based biochemical interactions into 
mechanical signals. In particular, when biomolecules immobilized on the cantilever 
surface undergo intermolecular reactions, their conformational change causes a change in 
the surface stress on the cantilever due to reduction decrease in free energy [72]. The 
deflection of the cantilever induced by the surface stress change provides a direct 
measure of the biomolecular interaction. For instance, the steady-state cantilever 
deflection can indicate the fraction of immobilized biomolecules that have bound to free 
analytes in solution, while the time to reach steady state reflects the rate constant of the 
specific binding. When the microcantilever is integrated with microheaters and 
temperature sensors, temperature-dependent properties of biomolecular interactions can 
be investigated at well-defined temperatures. 
We exploit this concept and employ a cantilever-based microfluidic device (below) 
to investigate temperature-dependent ligand-receptor binding, using PDGF and a PDGF-
specific aptamer as an example affinity system for demonstration. Aptamers are a class of 
synthetically developed RNA or DNA that bind to specific target analytes with high 
  
28
specificity [2, 11]. This PDGF-specific aptamer is a 36t ligand containing a three-way 
helix junction secondary structure motif [20] and synthesized with a 3′-3′-linked 
thymidine nucleotide (designated by [3′T]) at the 3′-end and a thiolated 5′-end for 
attachment to gold surface via thiol chemistry (Figure 2-1). The aptamer-PDGF 
interaction is enabled by continuously introducing PDGF solution to the immobilized 
aptamer. Upon binding, conformational changes in the nucleic acid structure of the 
aptamer molecules subsequently impart a uniform surface stress on the cantilever, which 
causes microcantilever deflection (Figure 2-2). Thus, measurement of this deflection, e.g., 
using an optical method in which a light beam reflects off the cantilever, can be 
interpreted to reveal kinetic properties within the binding between aptamer and PDGF. 
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Figure 2-1: The nucleic acid structure of the PDGF-specific aptamer. 
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Figure 2-2: Principle of the microcantilever-based detection of aptamer-PDGF binding. 
2.2.2 Device Design, Fabrication and Testing Setup 
Our approach is based on a cantilever-based microfluidic chip coupled to a Peltier 
thermoelectric module (Figure 2-3). The chip mainly consists of three functional layers: a 
silicon chip featuring the Parylene microcantilever, a PDMS spacer layer defining the 
microfluidic chamber, and a glass plate with an ITO temperature sensor. The inlet and 
outlet tubings are embedded in the PDMS spacer layer to allow continuous flow during 
experiments. Temperature is controlled in closed loop by adjusting the voltage applied to 
the Peltier module (which allows both heating and cooling by thermoelectric effects [118]) 
according to the feedback from the in-situ ITO temperature sensor. Transparent ITO 
patterned glass is chosen for unobstructed optical detection of microcantilever deflection. 
Parylene is employed as a device material to exploit benefits such as higher potential 
detection sensitivity due to its low Young’s modulus and excellent chemical inertness. 
Peltier thermoelectric module
Si
ITO temperature sensorSU-8 passivation layer
PDMS
GlassInlet tubing Outlet 
tubing
Parylene 
Cantilever PDGF
Immobilized aptamer
 
Figure 2-3: Design schematic of the cantilever-based microfluidic device for characterization of 
temperature-dependent aptamer-PDGF binding. 
The fabrication of the microcantilever chip began on an oxide-precoated silicon 
wafer. Multiple cantilevers were included in the chamber for redundancy. First, anchor 
  
30
cavities surrounding the cantilevers were defined and etched by KOH to a depth of 
approximately 20 m (Figure 2-4a). Then the pits underneath the cantilevers were 
defined, followed by uniformly coating a 6-m thick Parylene film via chemical vapor 
deposition (CVD) (Figure 2-4b). Cantilevers were then patterned by oxygen-plasma 
reactive ionic etching (RIE), and coated with a Cr/Au (chromium/gold, 5/45 nm) thin 
film via thermally evaporation and wet etching (Figure 2-4c). Subsequently, the pits 
defined above were completed by Xenon difluoride (XeF2) gas-phase etching to fully 
release the cantilevers (Figure 2-4d). In parallel, the ITO temperature sensor was 
patterned on an ITO-coated glass slide (Delta Technologies, CB-50IN) by wet etching 
using 25% HCl (Figure 2-4e) and passivated by a 1.5-m thick SU-8 photoresist layer 
(Figure 2-4f). Also, a 250-m thick PDMS spacer layer defining the microfluidic 
chamber was fabricated using a replica molding technique [119] (Figure 2-4g). Finally, 
the microcantilever chip, the PDMS spacer layer, and the ITO glass slide were bonded 
together in sequence with the interfaces treated with oxygen plasma and reinforced by 
gluing (Figure 2-4h). The inlet and outlet solution lines were coupled to the device by 
capillary tubings inserted into the PDMS spacer layer. The resulting chip package was 
attached to a Peltier module (Melcor) using a thermally conductive glue (Omega 
Engineering). Figure 2-5a shows a packaged device with 17 microcantilevers in a circular 
chamber and Figure 2-5b the micrograph of a representative single cantilever. 
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(a) Define and wet etch cavities for 
cantilever anchoring.  
(b) Define the pit underneath the cantilever 
and coat a uniform Parylene film.  
(c) Pattern the cantilever using RIE and coat it 
with a thin Cr/Au layer.  
(d) Release the cantilever by XeF2 etching.  
(e) Pattern the temperature sensor on 
ITO glass using wet etching.
(f) Passivate with a thin SU-8 layer.
(h) Bond cantilever chip, ITO glass, 
and PDMS spacer.
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Figure 2-4: Fabrication process of the microcantilever device. 
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Figure 2-5: Fabricated microcantilever device. (a) Image of a packaged device. (b) Micrograph of a 
representative single cantilever. 
As shown in Figure 2-6, the experimental setup mainly consisted of electrical 
instruments for temperature control, and an optical lever for optical detection. The 
temperature inside the reaction chamber of the chip was maintained at a desired setpoint 
using the Peltier thermoelectric module driven by a DC power supply (Agilent E3631) 
and the ITO temperature sensor measured by a digital multimeter (Agilent 34410A), 
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regulated under closed-loop proportional-integral-derivative (PID) control algorithm. 
During experiments, the two inlets were connected to two parallel solution lines driven 
by syringe pumps (New Era Pump Systems NE-1000) which allowed convenient switch 
between two different injected solutions. For optical detection, a home-built optical lever 
system was used, in which a laser beam from a diode laser generator was directed to the 
gold surface of a cantilever and reflected to a photosensitive detector (PSD, Coherent). 
The signal was amplified by a PSD amplifier (Photonics OT-301) and then measured by a 
nanovoltmeter (Agilent 34420A). The on-chip temperature control and optical signal 
acquisition were computer-automated and monitored by a LabVIEW-based program. 
Microcantilever 
device
Peltier
heater
PSD
PSD controller Nanovoltmeter
Syringe pumps
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Figure 2-6: Experimental setup for the temperature control, optical detection and signal acquisition in the 
cantilever-based microfluidic device. 
2.2.3 Materials and Experimental Procedure 
An isoform of PDGF, PDGF-BB (Sigma Aldrich), was chosen as a model analyte 
in our experiments. PDGF-BB was prepared in PBSM buffer (10.1 mM Na2HPO4, 1.8 
mM KH2PO4, 137 mM NaCl, 2.7 mM KCl, and 1 mM MgCl2, pH 7.4).The PDGF-
specific aptamer was obtained from IDT DNA and prepared in sterile water (Fisher 
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Scientific). All solutions were degassed prior to introduction into the microfluidic 
chambers to avoid inducing air bubbles. Meanwhile, the microcantilever device was pre-
cleaned with acetone, ethanol, and sterile water sequentially. To immobilize aptamer 
molecules on the cantilever surface, 3 M aptamer solution was allowed to perfuse 
through the reaction chamber overnight at a constant flow rate of 0.5 L/min at 4 °C. 
During the aptamer-PDGF association and dissociation experiments, PBSM buffer and 5 
nM PDGF solutions respectively perfused through the reaction chamber via the device’s 
two microfluidic inlets as follows. The chamber was initially flushed with PBSM buffer 
and then infused with PDGF solution, initiating the association between PDGF and the 
aptamer as detected via the cantilever deflection. After the association reached 
equilibrium, the infusion was switched back to PBSM buffer to enable the dissociation 
process. Throughout the experiments, the flow rate of both PBSM buffer and PDGF 
solution was maintained at 10 L/min, which was chosen to allow an acceptable mass 
transport rate at which PDGF molecules were accessed by the aptamer-functionalized 
surface [120], while limiting the flow-induced shear force on the molecules that could 
affect the binding activity [121]. After the measurement, the system was regenerated by 
removing any PDGF molecules that remained on the surface by 4 M urea and 15 mM 
EDTA and then rinsing with PBSM buffer. The baseline in response signal, i.e., the PSD 
output of the optical detection system with no occurrence of the aptamer-PDGF affinity 
binding, was measured with PBSM buffer alone flowing through the microchamber. 
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2.2.4 Monovalent Binding Kinetic Model 
We consider a monovalent model for the equilibrium affinity binding between the 
immobilized receptor (of concentration [R]) and the target analyte (of concentration [A]) 
to form a complex (of concentration [RA]) [122]: 
     on
off
k
k
R A RA                                                 (2-1) 
where kon and koff are the association and dissociation rate constants, respectively. The net 
rate of complex formation varies with time according to the following differential 
equation: 
on max off[ ]( )
dy k A y y k y
dt
                                             (2-2) 
where y and ymax respectively represent the observed response signals respectively 
corresponding to the complex concentration [RA] and saturation complex concentration 
[RA]max (i.e., the asymptotic value of  [RA] at infinite time) for a given concentration of 
injected analyte [A]. 
In flow-through mode as used in the experiments, either the target analyte solution 
(for association) or pure buffer (for dissociation) is introduced continuously to the 
cantilever. At a sufficiently large flow rate, the analyte concentration [A] can be assumed 
to be a constant c in the association process, or 0 in the dissociation process [122]. Eq. 
(2-2) thus reduces to the following equations, respectively, for the association and 
dissociation processes:  
on max off( )
dy
k c y y k ydt                                                 (2-3) 
off
dy
k ydt                                                           (2-4) 
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Solving Eq. (2-3) (using initial condition y = 0 at t = 0) yields the time-dependent 
association response signal: 
( )
max
d
(1 )on offk c k tcy y e
K c
                                               (2-5) 
where off
d
on
kK
k
  is the equilibrium dissociation constant.  
For the dissociation process, solving a Eq. (2-4) yields  
off
0
k ty y e                                                            (2-6) 
where y0 is the initial signal at the beginning of the dissociation process (t = 0). Using 
Eqs. (2-5) and (2-6), the kinetic and equilibrium binding constants (kon, koff, and Kd) can 
be obtained from the time-resolved measurement signal y. 
2.3  Results and Discussion 
2.3.1 Aptamer-PDGF Binding and Selectivity to PDGF 
We first validated the specificity of PDGF binding in our device with three sets of 
control experiments. These include (1) introduction of PDGF solution into the reaction 
chamber with an aptamer-free cantilever surface, followed by PBSM buffer; (2) 
introduction of only PBSM buffer into the reaction chamber of an aptamer-functionalized 
cantilever; and (3) introduction of a lysozyme (egg white, Sigma Aldrich) solution to an 
aptamer-functionalized cantilever, followed by PBSM buffer. Here lysozyme, which has 
comparable molecular weight (14.3 kDa) to PDGF (25 kDa), was used as a non-binding 
protein for testing the aptamer specificity. 
Figure 2-7 shows the signal traces of the control experiments, combining the phases 
of sample injection and PBSM buffer injection, compared with a representative trace of 
  
36
aptamer-PDGF binding undergoing the same phases. Throughout the experiments, this 
device showed a noise level of less than ±2 mV and repeatability within 10%. In the 
absence of either aptamer or PDGF, no signal above noise level was detected upon the 
presence of biomolecules or buffer solution. More importantly, for aptamer-PDGF 
binding, there existed an exponential increase to a binding equilibrium corresponding to 
the introduction of PDGF molecules, and a relatively slow shift back to the original 
equilibrium upon PBSM buffer injection. Thus, the non-specific binding of PDGF to 
either surface of the cantilever was generally negligible compared with the affinity 
binding between aptamer and PDGF. 
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Figure 2-7: Binding specificity demonstrated by association and dissociation signal traces of control 
experiments in the absence of either aptamer or PDGF, compared with a representative aptamer-PDGF 
binding trace (all traces intentionally plotted with an offset of 5 mV for clarity). 
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2.3.2 Characterization of Temperature-Dependent Aptamer-PDGF Binding 
Temperature-dependent characterization of the aptamer-PDGF binding was 
performed by monitoring the association and dissociation processes at temperature 
varying from 19-37 °C. This temperature range is considered suitable for characterization 
of aptamer-PDGF interactions since aptamer-based therapeutics typically demand a 
physiologically relevant temperature up to 37 °C. With our experimental setup, the 
temperature inside the chamber, indicated by the ITO temperature sensor, was 
consistently controlled within ± 0.3 °C at setpoints in the range of 19-37 °C. The 
experimental data were then fitted to the monovalent binding kinetic model given in Eqs. 
(2-5) and (2-6) to obtain the temperature-dependent kinetic properties of the rate 
constants for association (kon) and dissociation (koff), and the equilibrium dissociation 
constant (Kd). For each temperature setpoint, we used the GraphPad Prism software [123] 
to fit the experimental data on the combined dissociation and association processes in a 
manner that ensures the baseline consistency. 
Figure 2-8 shows the experimental signal (baseline subtracted) of aptamer-PDGF 
association and dissociation processes at controlled temperature setpoints of 19, 25, 31, 
and 37 °C, as well as the fitted curves to the monovalent binding kinetic model. These 
data showed a clear shift with temperature, and thus considerable temperature 
dependence within the aptamer-PDGF interaction. In particular, as the temperature 
increased from 19 to 37 °C, the characteristic time for the association process to reach 
equilibrium decreased from approximately 30 to 15 minutes, indicating that the rate of 
the aptamer-PDGF association process increased with temperature. In addition, the 
steady-state deflection of the cantilever in equilibrium aptamer-PDGF binding also 
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increased with temperature (Figure 2-8). This indicated a more significant surface stress 
change on the cantilever, which was primarily caused by a larger fraction of immobilized 
aptamer molecules that are bound to PDGF molecules. These results suggest that 
temperatures in the physiological range present an optimal condition for the binding of 
PDGF to aptamer, which is determined by a combination of aptamer tertiary 
conformation, molecular orientation, and binding energy, as well as the effect of 
generally increased Brownian motion at higher temperature. 
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Figure 2-8: The experimental data of association (left) and dissociation (right) processes at 19, 25, 31, and 
37 °C and the fitted curves to the monovalent binding kinetic model. 
There was a small apparent overshoot in the detected signal before the association 
process reached equilibrium (Figure 2-8). This could be attributed to the variation in the 
flow rates during the introduction of PBSM buffer and PDGF solution to the 
microchamber, which most likely were caused by the difference in the syringe pumps and 
access channels between PBSM buffer and PDGF solution injections. As the association 
process was triggered by switching the introduction of PBSM buffer to that of PDGF 
solution, the variation in flow rate induced a difference in the hydrodynamic force on the 
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cantilever and in turn a slight overshoot in cantilever deflection. However, this did not 
significantly influence the values of binding parameters obtained from the model (Eqs. 
(2-5) and (2-6)) to the experimental data. 
In the flow-through experiments, the mass transport of biomolecules occurred by 
convection and diffusion. To assess this effect on the aptamer-PDGF binding in our 
device, we first estimated the characteristic time for PDGF molecules accessed by the 
cantilever surface. The rate of molecular transport to the surface is given by the Onsager 
coefficient of mass transport [120]: 
2
3
m 2
D uk
h bl
                                                          (2-7)                              
where D is the diffusivity of sample biomolecules, u is the flow rate for sample 
introduction, h is the height of the reaction chamber, and b and l are the width and length 
of the cantilever. For the experimental data above, h = 250 m, b = 150 m, l = 250 m, 
and D  10-10 m2/s [124]. Using u = 10 L/min, km = 5.4×10-4 m/min, and the time scale 
for the analyte diffusion was estimated to be h/km = 0.46 min. Compared with the 
apparent time scale of aptamer-PDGF association process (approximately 15-30 minutes), 
it is reasonable to assume that the aptamer-PDGF binding process was not limited by 
mass transport at this flow rate [120]. 
2.3.3 Temperature-Dependent Kinetics of Aptamer-PDGF Binding 
We further determined the kinetic and equilibrium binding properties by fitting 
the monovalent binding model (Eqs. (2-5) and (2-6)) to the experimental data. The 
temperature dependent kinetic binding rate constants are shown in Figure 2-9. As the 
temperature increased from 19 to 37 °C, kon increased from 1.3×107 to 2.3×107 (M·min)-1, 
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while koff decreased from 0.015 to 0.01 min-1. Meanwhile, Kd, as shown in Figure 2-10, 
decreased from approximately 12×10-10 M to 5×10-10 M as the temperature changed from 
19 to 37 C. This indicates stronger aptamer-PDGF binding, i.e., a more favorable 
conformational change of the aptamer molecules for the affinity interaction as the 
temperature approached the physiological values, at which the aptamer was synthetically 
isolated [20]. Moreover, the decrease of Kd with temperature implies that the aptamer-
PDGF system becomes more thermodynamically stable as the temperature increases, 
which typically involves negative Gibbs free energy [4]. These results are consistent with 
published data using conventional methods (e.g., UV-absorption [20]). The Kd values we 
obtained are higher than those obtained with the aptamer in solution (typically ~10-10 M), 
which is likely attributable to two reasons. First, the surface-immobilized receptor has 
restricted conformational flexibility for the analyte to access the entire binding sites [54], 
and thus may not retain its full solution-based activity [125]. In addition, avidity, in 
which the binding of analyte molecules with receptor molecules is synergistically 
stabilized by entropic effects [122], is known to have a noticeable contribution to high-
affinity binding systems [55]. In our experiments, the presence of the solid surface may 
have led to reduced avidity effects because of less efficient diffusion [126] and limited 
clustering of analyte and receptor molecules [122]. 
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Figure 2-9: Association rate constant (kon) and dissociation rate constant (koff) at controlled temperatures of 
19, 25, 31, and 37 °C. 
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Figure 2-10: Equilibrium dissociation constant (Kd) at controlled temperatures of 19, 25, 31, and 37 °C. 
2.4 Conclusions 
This chapter presents label-free characterization of temperature-dependent 
biomolecular affinity binding on solid surfaces using a microcantilever-based device 
integrating on-chip temperature sensing. The device consists of a Parylene cantilever one 
side of which is coated with a thin gold film and functionalized with molecules of an 
affinity receptor to a target analyte. The cantilever is located in a PDMS microfluidic 
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chamber which is integrated with a transparent ITO thin-film resistive temperature sensor 
on a glass slide. The ITO sensor allows for real-time measurements of the temperature 
inside the chamber with unobstructed optical access for reflection-based optical detection 
of the cantilever deflection. The device is situated on a Peltier thermoelectric module, 
which, in conjunction with the integrated ITO sensor, is used to control the chamber 
temperature based on a closed-loop PID algorithm. To test the temperature-dependent 
binding between the target and receptor, the temperature of the chamber is maintained at 
a constant setpoint, while the analyte solution is continuously infused through the 
chamber. The measured cantilever deflection is used to determine the thermodynamic 
properties associated with the target-receptor binding according to a monovalent binding 
kinetic model. 
We studied the temperature-dependent affinity binding between PDGF, a protein 
regarded as a ubiquitous mitogen and chemotactic factor in angiogenesis, and an affinity 
aptamer. We first verified the detection specificity using this device and then 
systematically characterized the aptamer-PDGF association and dissociation processes 
with the chamber temperature controlled in the range of 19-37 °C. Quantitative binding 
properties were obtained, indicating strong temperature dependence of the binding of 
PDGF to the aptamer. As the temperature increased from 19 to 37 °C, the association rate 
constant increased from 1.3×107 to 2.3×107 (M·min)-1, while dissociation rate constant 
decreased from 0.015 to 0.01 min-1. This corresponds to a decrease of the equilibrium 
dissociation constant from approximately 12×10-10 M to 5×10-10 M. These results provide 
a starting point for label-free characterization of temperature-dependent biomolecular 
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interactions, and can potentially used for the screening and optimization of inhibiting 
ligands of PDGF and other target molecules. 
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Chapter 3 Microfluidic Approach to Characterization of 
Temperature-Dependent Biomolecular Activity with Single-Molecule 
Resolution 
 
This chapter presents a microfluidic approach for single-molecule studies of the 
temperature-dependent behavior of biomolecules, using a platform that combines 
microfluidic sample handling, on-chip temperature control, and total internal reflection 
fluorescence (TIRF) microscopy of surface-immobilized biomolecules.  With efficient, 
rapid, and uniform heating by microheaters and in situ temperature measurements within 
a microfluidic flowcell by micro temperature sensors, closed-loop, accurate temperature 
control is achieved. To demonstrate its utility, the temperature-controlled microfluidic 
flowcell is coupled to a prism-based TIRF microscope and is used to investigate the 
temperature-dependence of ribosome and transfer RNA (tRNA) structural dynamics that 
are required for the rapid and precise translocation of tRNAs through the ribosome during 
protein synthesis. Our studies reveal that the previously characterized, thermally activated 
transitions between two global conformational states of the pre-translocation (PRE) 
ribosomal complex persist at physiological temperature. In addition, the temperature-
dependence of the rates of transition between these two global conformational states of 
the PRE complex reveal well-defined, measurable, and disproportionate effects, 
providing a robust experimental framework for investigating the thermodynamic 
activation parameters that underlie transitions across these barriers. 
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3.1 Background 
Single-molecule studies of biochemical systems, in contrast to ensemble 
measurements, involve direct observation and analysis of individual biomolecules, 
allowing access to mechanistic information that is often obscured in ensemble 
measurements. Although an ability to perform single-molecule measurements as a 
function of well-defined temperature is critical for studying the energetics of 
biomolecular behavior, measurement of the temperature-dependence of single-
biomolecular behavior remains a major challenge [73]. Conventional temperature control 
methods [70, 127, 128] in single-molecule investigations are generally cumbersome, slow, 
and relatively inaccurate [74, 75]. These limitations in temperature control are a major 
hindrance to fully harnessing the power of single-molecule investigations.  
Microfluidic technology can greatly facilitate single-molecule experiments by 
providing on-chip fluid handling with drastically reduced sample consumption, and more 
importantly, well-controlled micro- or nanoscale environments in which biomolecules are 
effectively manipulated and analyzed. Despite the insights that have been gleaned 
through the use of the microfluidic tools, the influence of temperature on individual 
biomolecular behavior remains poorly characterized due to the lack of accurate 
temperature control within single-molecule detection systems. For example, a 
microfluidic device uses a circulating water bath and no temperature sensing in the 
detection channels [112]; this open-loop temperature control strategy however does not 
allow adequate accuracy and is rather cumbersome in operation, in particular during the 
transition between temperature setpoints. 
Microfabricated thin-film heaters and temperature sensors for efficient on-chip 
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temperature control [114] have been widely used in microfluidic devices such as 
polymerase chain reaction (PCR) platforms [129]. However, such thermal elements have 
not yet been successfully incorporated into single-molecule fluorescence microscopy 
systems for studies of temperature dependent properties of single biomolecules. Indeed, 
existing microfluidic on-chip temperature control configurations encompass several 
shortcomings that make them poorly suited for integration into existing single-molecule 
fluorescence microscopy systems. For example, non-uniform temperature distributions 
arising from localized heating (typical characteristic of on-chip temperature control 
configurations) are a critical issue that could make the controlled temperatures within the 
detection area inaccurate. Moreover, non-uniform temperature distributions could 
introduce heterogeneity across the individual molecules being observed, resulting in a 
shifted and/or broader distribution of transition parameters obtained at a particular 
temperature setpoint, possibly complicating data analysis. In addition, the majority of 
existing microfluidic on-chip temperature control configurations is incompatible with 
single-molecule fluorescence microscopy systems by obstructing the required optical 
path. Finally, thermally induced defocusing arising from heat transfer to the microscope 
objective during the heating-enabled observation period is a significant issue that remains 
unaddressed in the design of currently available microfluidic on-chip temperature control 
configurations.  
In this chapter, we report a microfluidic approach that overcomes the limitations 
of existing on-chip temperature control configurations and successfully integrates facile 
and accurate on-chip temperature control within a standard TIRF microscopy system. As 
TIRF has emerged as a prominent method for single-molecule studies (because of its high 
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sensitivity and signal-to-noise ratio as well as wide-field detection capabilities [130]), this 
approach provides a platform which readily enables studies of the temperature-
dependence of a wide range of biomolecular activity with single-molecule resolution. The 
approach employs closed-loop temperature control via on-chip heating and in situ 
temperature sensing of a minimized biological sample volume. To meet the requirements 
of single-molecule measurement resolution, microheaters are placed on either side of a 
microchannel, and temperature sensors with sufficiently small footprints are located in 
the center of the microchannel. This configuration ensures that the region of the chip 
heated by the microheaters is much larger than the TIRF microscopy detection volume, 
thus eliminating non-uniform temperature distributions within the detection volume. 
Moreover, the placement of microheaters on either side of a microchannel on a glass 
substrate allows for an adequately large and optically transparent observation area that is 
fully compatible with TIRF microscopy and ensures that temperature gradients primarily 
occur within the depth of the microchannel, such that the conduction of heat through the 
glass substrate to the in-contact microscope objective is negligible. Our approach 
therefore provides a low-cost and compact experimental platform that can be directly 
used for TIRF microscopy-based, temperature-dependent, single-molecule investigations, 
eliminating the need to control the temperature of the entire setup or the physical space in 
which the experiment is performed. 
We demonstrate the utility of our approach by performing a temperature-
dependent, single-molecule fluorescence resonance energy transfer (FRET) study of the 
ribosome, the biomolecular machine that is responsible for protein synthesis, or 
translation, in all living cells [5, 36, 131]. Because the efficiency of FRET depends on the 
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distance between donor and acceptor fluorophores (typically engineered into the 
biomolecule of interest), single-molecule FRET (smFRET) experiments provide a 
powerful tool for investigating the conformational dynamics of biomolecules [46, 132]. 
Previously, we have developed and used a smFRET signal between the ribosome and a 
ribosome-bound tRNA substrate to investigate the mechanism through which the 
ribosome achieves the rapid and precise translocation of tRNAs through multiple 
ribosomal binding sites that is required during protein synthesis [131]. These previous 
smFRET studies, all performed at room temperature, have demonstrated that pre-
translocation (PRE) ribosome-tRNA complexes undergo spontaneous and thermally 
activated fluctuations between two discrete and structurally well-characterized global 
conformational states, termed global state 1 (GS1) and global state 2 (GS2). Because GS2 
is an authentic on-pathway intermediate in the translocation reaction [6, 133, 134], 
thermally activated fluctuations between GS1 and GS2 may play a critical role in the 
translocation mechanism. Lacking smFRET data recorded at physiological temperature 
(37 C for the Escherichia coli system under investigation here), however, it is presently 
unknown whether the kinetic barriers associated with GS1→GS2 and GS2→GS1 
transitions persist in vivo. Here we unambiguously demonstrate that at the physiologically 
relevant temperature of 37 C, PRE complexes continue to spontaneously fluctuate 
between GS1 and GS2. This observation demonstrates that under physiologically relevant 
conditions, the free-energy landscape of the PRE complex is not entirely flat and that 
functionally critical GS1→GS2 and GS2→GS1 transitions require overcoming 
measureable kinetic barriers. More importantly, extension of the proof-of-principle 
experiments reported here will readily allow detailed investigations of the 
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thermodynamic activation parameters that govern this essential structural rearrangement 
of the translating ribosome. More generally, the results we present here demonstrate the 
potential of our approach for studying the energetics of biomolecular structural dynamics 
and biochemical reactions at the single-molecule level, thus expanding the toolkit that is 
available for mechanistic studies of Nature’s molecular machines.  
3.2 Materials and Methods 
3.2.1 Design 
Our microfluidic approach couples a temperature-controlled microfluidic flowcell to 
a prism-based TIRF microscope. The microfluidic flowcell comprises a set of parallel 
microchannels sandwiched between a quartz microscope slide and a glass coverslip, onto 
which thermal control elements are integrated (Figure 3-1a). The microchannels have 
cross-sectional dimensions of approximately 1 mm  80 m and are 20 mm in length. 
The centerlines of adjacent channels are separated by a distance of 4.3 mm. The thermal 
control elements on the coverslip surface include thin-film resistive microheaters and 
temperature sensors (Figure 3-1b). In accordance with the confinement of parallel 
microchannels, the microheaters are distributed evenly across the entire coverslip in order 
to provide uniform heating, while the sensors are located directly underneath the 
microchannels to accurately probe the surface temperature in real time. Each heater is a 
serpentine line 200 µm wide, covering a 20 mm  2 mm square area next to the channel 
area, and typically has an electric resistance of approximately 200  at room temperature. 
Each temperature sensor is also a serpentine line located at the center of the 
corresponding channel area, with an approximate coverage area of 5 mm  120 m and a 
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typical electric resistance of approximately 120 Ω at room temperature. This design 
affords a relatively uniform temperature distribution within each microchannel, whose 
small depth (80 m) allows the temperature of the fluorescent detection area on the 
quartz slide to be measured by the temperature sensor on the glass coverslip with 
acceptable accuracy. 
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Figure 3-1: Design schematic of the microfluidic approach to temperature-controlled single-molecule 
studies. (a) A temperature-controlled microfluidic flow cell coupled to a prism-based TIRF microscope. (b) 
Design layout of microheaters and temperature sensors on the coverslip. 
3.2.2 Fabrication and Functionalization 
The fabrication of the microfluidic chip (Figure 3-2a) began on a glass coverslip 
with patterning a double layer of LOR 3A and Shipley S1805 photoresists (both from 
MicroChem, Inc.) to define the heaters and temperature sensors. A 10-nm chromium film 
and a 100-nm gold film were then deposited via electron-beam evaporation, and patterned 
with a lift-off process to form the heaters and temperature sensors. A 200-nm silicon 
nitride passivation layer was next deposited using plasma enhanced chemical vapor 
deposition (PECVD). Contact pads for the heaters and temperature sensors were defined 
by photolithography and exposed by reactive ion etching (RIE).  
A quartz microscope slide containing drilled inlet and outlet ports was cleaned, 
aminosilanized, and subsequently derivatized with a mixture of N-hydroxysuccinimidyl 
(NHS) ester-derivatized polyethylene glycol (PEG) and a bifunctionalized NHS ester-
PEG-biotin (Laysan Bio, Inc.)[5, 131, 135]. This multi-step treatment creates an optically 
clean, low background fluorescence, PEG- and PEG-biotin-derivatized quartz surface 
that is randomly and sparsely populated with biotin groups. Biotinylated biomolecules 
can then be immobilized and spatially localized using a biotin-streptavidin-biotin bridge 
(Figure 3-2b). The microfabricated coverslip is bonded to the passivated and 
functionalized quartz slide using a spacer layer of double-sided tape (approximately 80 
m thick) that defines the microchannels. Multiple parallel channels are incorporated to 
allow several biochemical experiments to be performed on one microfluidic chip. A 
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packaged device with five microchannels is shown in Figure 3-3a with the details of the 
chip near the detection area shown in Figure 3-3b.  
1. Pattern LOR and S1805 double 
layer on coverslip
2. Cr/Au e-beam evaporation
4. PECVD silicon nitride for 
passivation
5. Pattern and etch contact pads 
using RIE
6. Surface functionalization on 
quartz slide
7. Bonding of slide and coverslip with 
double-sided tape spacer
(a)
3. Lift-off for heaters and sensors
 
(b)
 
Figure 3-2: (a) Fabrication and surface functionalization processes. (b) Surface immobilization strategy: 
quartz flow cell is first passivated with a mixture of PEG and PEG-biotin and then incubated with 
streptavidin prior to use. PRE-A ribosomal complexes carrying biotinylated-mRNA are then immobilized 
onto the surface of the streptavidin-derivatized flow cell via a biotin-streptavidin-biotin bridge. 
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Figure 3-3: (a) Photograph of a packaged device; and (b) micrograph of micro-heaters and a temperature 
sensor. 
3.2.3 Materials 
A single-cysteine variant of Escherichia coli ribosomal protein L1 was 
fluorescently labeled with a Cy5 acceptor fluorophore ((Cy5)L1) and reconstituted into 
mutant E. coli ribosomes lacking ribosomal protein L1 as previously described [36, 37, 
131]. E. coli tRNAPhe was labeled with a Cy3 donor fluorophore ((Cy3)tRNAPhe) at the 
naturally occurring 3-(3-amino-3-carboxy-propyl) uridine residue at position 47 within the 
central fold, or elbow, domain of the tRNA body and aminoacylated with phenylalanine as 
previously described [36, 37, 131]. Ribosomes with (Cy5)L1 were enzymatically initiated 
onto a 5’-biotinlated mRNA and enzymatically elongated by one amino acid such that 
they carried fMet-Phe-(Cy3)tRNAPhe at the P site [131]. Ribosomal elongation complexes 
prepared in this manner were purified by sucrose density gradient ultracentrifugation [36, 
37, 131] and were subsequently immobilized onto the surface of the streptavidin-
derivatized microchannel. 
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Surface-immobilized ribosomal elongation complexes were incubated in 1 mM 
puromycin in Tris-Polymix buffer (50mM Tris-OAc, 100mM KCl, 15mM Mg(OAc)2, 
5mM NH4OAc, 0.5mM Ca(OAc)2, 10mM 2-mercaptoethanol, 5mM putrescine, and 
1mM spermidine) [131] supplemented with an oxygen scavenging system (9300 μg/mL 
glucose oxidase, 40 μg/mL catalase and 1% β-D-glucose) [131] and a triplet state 
quencher cocktail (1mM 1,3,5,7-cyclooctatetraene (Aldrich) and 1mM p-nitrobenzyl 
alcohol (Fluka)) [36, 131] for 5 min at room temperature. Puromycin is a ribosome-
targeting antibiotic that mimics the 3'-terminal residue of an aminoacyl-tRNA, binds to 
the ribosomal A site, participates as the acceptor in the peptidyl transfer reaction, and 
subsequently dissociates from the ribosome, carrying the nascent polypeptide with it 
[131]. The resulting puromycin-reacted ribosomal complex contains a deacylated P-site 
tRNAPhe and serves as an analog of an authentic PRE complex which we designate as 
PRE-A [131]. 
3.2.4 Experimental Method 
smFRET measurements were performed on a laboratory-built, prism-based TIRF 
microscope based on an inverted fluorescence microscope (Nikon TE2000-U) and using a 
diode-pumped solid-state 532-nm laser (CrystaLaser, Inc.) as an excitation source and a 
Cascade II:512B electron multiplying charge-coupled device (EMCCD) camera 
(Photometerics, Inc.) as a detector. Simultaneous detection of the fluorescence emission of 
both Cy3 and Cy5 fluorophores for 100-200 individual, spatially-resolved PRE-A 
complexes over an observation area of 60×120 µm2 was achieved using a PlanApo 1.2 
numerical aperture 60× water immersion objective (Nikon, Inc.), optically separating the 
Cy3 and Cy5 emission signals using a Dual-View image splitting device (Photometrics, 
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Inc.), and simultaneously imaging the Cy3 and Cy5 emission signals on the two halves of 
the 512×512 pixel CCD chip within the Cascade II:512B EMCCD camera. Cy3 and Cy5 
emission signals arising from single PRE-A complexes were collected at a time resolution 
of 50 ms/frame. Single PRE-A complexes were identified and Cy3 and Cy5 emission 
intensity versus time trajectories were extracted using the MetaMorph software suite 
(Molecular Devices) as previously described [131]. Using MATLAB, raw Cy3 and Cy5 
emission intensity versus time trajectories were baseline corrected, corrected for bleed-
through of the donor signal into the acceptor channel (typically ~7%), and used to 
calculate smFRET versus time trajectories using ICy5/(ICy3+ICy5), where ICy3 and ICy5 are 
the fluorescence intensities of Cy3 and Cy5, respectively, as previously described [131]. 
In TIRF microscopy, a thin (100-200 nm) electromagnetic evanescent field is 
generated by total internal reflection at the interface between the quartz slide and the 
aqueous buffer within the flowcell, yielding highly specific excitation of donor 
fluorophores that are covalently linked, or otherwise bound, to surface-immobilized 
biomolecules [5, 131]. Fluorescence emission from both donor and acceptor fluorophores 
within individual spatially separated and localized molecules are collected through a 1.2 
numerical aperture/×60 water-immersion objective (Nikon, Inc.), separated by a Dual-
View image splitting device and imaged onto the two halves of the CCD chip (Figure 
3-4). The temperature inside a microchannel selected for single-molecule measurements 
(below) was maintained at a desired setpoint using a closed-loop control of the on-chip 
heaters and temperature sensors. As shown in Figure 3-4, the two heaters immediately 
adjacent to the microchannel, driven by a DC power supply (Agilent E3631), were used 
to heat the microchannel. The microchannel temperature was measured using the 
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temperature sensor within the microchannel by a digital multimeter (Agilent 34420A). 
The load current in the heaters was adjusted according to the measured temperature using 
a PID control algorithm implemented by a LabVIEW (NI Instruments) program on a 
personal computer.  
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Figure 3-4: Single-molecule detection scheme within a prism-based inverted TIRF microscope and closed-
loop temperature control utilizing on-chip heaters and temperature sensors.  
3.3 Results and Discussion 
3.3.1 On-Chip Temperature Control 
To assess the temperature control capability of our design, including the accuracy 
of the temperature setpoint and the thermal response of the microfluidic flowcell, we first 
calibrated the on-chip temperature sensors based on the linear relationship between the 
sensor resistance and temperature. In particular, Resistive temperature sensors can be 
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represented in terms of a linear relationship between the sensor resistance and 
temperature: 
 0 0[1 ( )]R R T T                                                   (3-1) 
where R is the sensor resistance at temperature T and R0 the sensor resistance at a 
reference temperature T0, with α the temperature coefficient of resistivity (TCR) of the 
sensor. To determine the parameters in this relationship, we measured the sensor 
resistance at a series of temperatures. This is accomplished by placing the microchip in a 
thermal environmental chamber (Delta 9023, Delta Design) maintained at a known 
temperature. Typical measurement results are shown in Figure 3-5, from which we can 
observe a highly linear relationship between resistance and temperature as expected from 
Eq. (3-1). A least-squares linear fit of Eq. (3-1) to the measurement data allowed for the 
determination of R0, T0, and α. For example, with data shown in Figure 3-5, the 
parameters were determined to be R0 = 117.795  at T0 = 24.7 °C, with α = 2.01×10-3 
1/°C.  
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Figure 3-5: Measured electric resistance of a temperature sensor, showing highly linear dependence on 
temperature.  
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We subsequently characterized the closed-loop temperature control scheme 
described above. Figure 3-6 reports the temperature tracking history of a testing process 
in which the temperature inside a microchannel filled with Tris-Polymix buffer [5, 131] 
was controlled at the desired setpoints of 22, 25, 28, 31, 34, and 37 ˚C. As can be seen 
from Figure 3-6, the microchannel temperature could be rapidly increased from one 
temperature setpoint to another by the PID-based temperature controller with no 
appreciable overshoot. Thermal equilibrium at each temperature setpoint could be 
achieved within less than 30 seconds (Figure 3-6), and the steady-state temperature 
remained within approximately 0.01 ˚C of the desired temperature setpoint for periods of 
up to an hour (Figure 3-6). These characteristics are considered sufficient for real-time 
single-molecule fluorescence imaging of biochemical reactions and real-time 
fluorescence tracking of biomolecules [74]. 
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Figure 3-6: Time-resolved tracking of the temperature inside a microchannel at setpoints of 22, 25, 28, 31, 
34, and 37 °C.  
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3.3.2 Temperature Uniformity in a Microchannel 
The temperature sensor allows measurement of the average temperature in the 
microchannel, but does not provide information on the temperature distribution within the 
microchannel. Thus, we have evaluated the uniformity of the temperature within the 
microchannel, in particular in the finite TIRF measurement volume, using numerical 
simulation [136]. The simulation model considers three-dimensional heat conduction in 
the buffer (thermal conductivity: 0.6 W/m·K) contained in the microchannel, which are 
formed by the coverslip and quartz substrates (thermal conductivity: 1.4 W/m·K), as well 
as the double-sided tape spacer layer (Acrylic, thermal conductivity: 0.2 W/m·K). Given 
the small length scale of the microchannel, natural convection within the liquid buffer is 
estimated to be negligible. Electric power is applied uniformly to each microheater 
adjacent to the microchannel. The boundary conditions are given by natural convection 
on the top and bottom surfaces of the substrates, which are surrounded by air at room 
temperature (22 C). The natural convection heat transfer coefficient h is determined by 
[137] 
 s
3( )
m
g T T LChL
k


   
                                           (3-2) 
where sT  is the average surface temperature (approximately given by the setpoint 
temperature), and L  the characteristic dimension of the quartz slide and the glass 
coverslip (taken to be 1 cm). In addition, g is the gravitational constant, while k, ν, α, and 
β are the thermal conductivity, kinematic viscosity, thermal diffusivity, and thermal 
expansion coefficient of air, respectively, evaluated at the average air film temperature 
(Ts+T)/2. Using the empirical parameter values 0.621C   and 0.2m   for the top 
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surface [137], and 0.495C   and 0.2m   for the bottom surface [137], the heat transfer 
coefficient h  is estimated to be 8.83 and 5.65 W/m2·K for the top and bottom surfaces, 
respectively. 
The model is solved with finite element methods using COMSOL Multiphysics 
(COMSOL, Inc.) to obtain the temperature distributions in the microchannel. As an 
example, the simulated temperature distributions when the channel is heated to a setpoint 
temperature of 37 C are shown in Figure 3-7. It can be seen that temperature variations 
within a 1-mm section of the microchannel, corresponding to the area covered by the 
temperature sensor, are smaller than 0.01 and 0.03 C, respectively, in directions 
perpendicular to and along the channel’s longitudinal axis. This suggests that the 
temperature is sufficiently uniform within the TIRF observation volume within the 
microchannel and can be accurately obtained from the average temperature 
measurements by the temperature sensor. 
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Figure 3-7: The simulated temperature distributions when the channel is heated to a setpoint temperature 
of 37 C, showing temperature variations within a 1-mm section of the microchannel (corresponding to the 
area covered by the temperature sensor) are smaller than 0.01 and 0.03 C, respectively, in directions (a) 
perpendicular to and (b) along the channel’s longitudinal axis.  
3.3.3 smFRET Experiments 
In this section we demonstrate the utility of our microfluidic approach by 
investigating the temperature dependence of a smFRET signal that reports on the 
conformational dynamics of the ribosome and its tRNA substrates during protein 
synthesis, or translation. The ribosome (Figure 3-8a) is the universally conserved, two-
subunit, ribonucleoprotein molecular machine that binds aminoacyl-tRNAs (aa-tRNAs) 
in the order dictated by the triplet-nucleotide codon sequence of a messenger RNA 
(mRNA) template and repetitively incorporates each amino acid into the nascent 
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polypeptide chain until the entire mRNA template has been translated into the encoded 
protein product. As it incorporates each amino acid into the nascent polypeptide chain, 
the ribosome cycles through three fundamental steps that comprise the translation 
elongation cycle: (i) aa-tRNA selection and incorporation into the ribosomal aa-tRNA 
binding site (A site), which is catalyzed by the GTPase elongation factor Tu (EF-Tu), (ii) 
peptide bond formation and transfer of the nascent polypeptide from the peptidyl-tRNA 
bound at the ribosomal peptidyl-tRNA binding site (P site) to the newly incorporated A-
site aa-tRNA, and (iii) translocation of the ribosome along the mRNA by precisely one 
codon, catalyzed by the GTPase elongation factor G (EF-G), during which the newly 
deacylated P site-bound tRNA and newly formed A site-bound peptidyl-tRNA move into 
the ribosomal deacylated-tRNA binding site (E site) and P site, respectively (Figure 3-8b). 
The movement of tRNAs through the ribosome during translocation requires 
extensive remodeling of ribosome-tRNA interactions, a multistep process that involves a 
significant rearrangement of mobile ribosome structural elements as well as the 
ribosome-bound tRNAs from one structurally well-characterized global conformational 
state, global state 1 (GS1), to a second structurally well-characterized global 
conformational state, global state 2 (GS2) [6] (Figure 3-8c). Upon peptidyl transfer and in 
the absence of EF-G, smFRET experiments recorded at room temperature demonstrate 
that the pre-translocation (PRE) ribosome-tRNA complex undergoes spontaneous, 
thermally activated, and reversible transitions between GS1 and GS2 [6], that can be 
monitored using a previously characterized smFRET signal between an acceptor-labeled 
ribosome (labeled within the ribosomal L1 stalk) and a donor-labeled P site-bound tRNA 
[131] (Figure 3-8c). During each GS1→GS2 transition, the interaction between the L1 
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stalk and the P-site tRNA is established spontaneously as a consequence of tRNA and 
ribosome structural rearrangements involving a reconfiguration of the tRNA from a so-
called “classical” binding configuration on the ribosome into a “hybrid” binding 
configuration, a “closing” of the L1 stalk into the intersubunit space, and a relative 
rotation of the ribosomal subunits with respect to each other (see Figure 3-8c for details 
on these conformational changes). During each GS2→GS1 transition, all of these 
structural rearrangements are reversed, resulting in a spontaneous disruption of the L1 
stalk-tRNA interaction. Regulation of the GS1 GS2 conformational equilibrium by EF-
G binding and activity promotes the directional movement of tRNAs through the 
ribosome during translocation and is thus a critical feature of the translocation 
mechanism [36, 131]. 
Despite its potentially important role in the mechanism of translocation, the 
GS1  GS2 equilibrium has yet to be fully thermodynamically and kinetically 
characterized. For example, the temperature dependence of the free-energy landscape that 
governs the GS1 GS2 equilibrium remains completely unexplored. Recent temperature-
dependent and time-resolved cryogenic electron microscopic (cryo-EM) reconstructions 
of post-translocation (POST) ribosomal complexes suggest that the free-energy landscape 
at the physiologically relevant temperature of 37 C becomes completely flat, readily 
permitting POST complexes to sample any of a large number of conformations with 
roughly equal probability [138]. Since the ribosome and tRNA dynamics inferred from 
this cryo-EM study of POST complexes [138] involve many of the same ribosome and 
tRNA dynamics that comprise individual GS1→GS2 and GS2→GS1 transitions within 
PRE complexes (see below and Figure 3-8c) [139, 140], these cryo-EM results suggest 
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the possibility that at the physiologically relevant temperature of 37 C, GS1 and GS2 
may not represent preferentially populated conformational states of the PRE complex (i.e. 
wells in the free-energy landscape) that are separated by appreciable kinetic barriers (i.e. 
peaks in the free-energy landscape). Thus, it remains unclear whether EF-G has to 
contend with the GS1 and GS2 states of PRE complex and the kinetic barriers separating 
them during translocation in vivo. 
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Figure 3-8: Ribosome-catalyzed protein synthesis. (a) X-ray crystallographic structure of the ribosome 
with its mRNA template and tRNA substrates (PDB ID: 2J00 and 2J01) and our smFRET labeling scheme. 
The 50S ribosomal subunit is shown in lavender and the 30S ribosomal subunit in tan. The L1 stalk consists 
of 23S rRNA helices 76-78 (pink) and ribosomal protein L1 (dark blue). There are three tRNA binding 
sites on the ribosome for aminoacyl-tRNA (A site, purple), peptidyl-tRNA (P site, red), and deacylated-
tRNA (E site, orange). Individual amino acids are shown as yellow circles. Our smFRET labeling strategy 
places a Cy3 donor fluorophore (green star) within the central fold, or elbow, domain of the P-site tRNA 
and a Cy5 acceptor fluorophore (red star) within the L1 protein of the L1 stalk. (b) The three fundamental 
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steps of the translation elongation cycle: aa-tRNA selection, peptidyl transfer and translocation (see text for 
more detail). (c) The pre-translocation complex analog (PRE-A) used in our temperature-dependence 
studies. In the absence of EF-G the PRE-A complex fluctuates between two distinct global conformational 
states, GS1 and GS2. 
Another example of mechanistically important information that is uniquely 
available from studies of the temperature dependence of the rates of GS1→GS2 and 
GS2→GS1 transitions are the thermodynamic activation parameters that characterize the 
kinetic barriers underlying GS1→GS2 and GS2→GS1 transitions. Using the GS1→GS2 
and GS2→GS1 transition rates extracted from smFRET versus time trajectories recorded 
at a single temperature, the free energies of activation for GS1→GS2 and GS2→GS1 
transitions have been calculated for several PRE complexes, as well as for several PRE 
complex analogs containing a P site-bound deacylated-tRNA but lacking an A site-bound 
peptidyl-tRNA (PRE-A) [5, 141]. The lack of smFRET versus time trajectories recorded 
as a function of temperature, however, has thus far prevented determination of the 
relative enthalpic and entropic contributions to these free energies of activation. 
Measurement of the full set of thermodynamic activation parameters (i.e. activation free 
energy, activation enthalpy, and activation entropy) will reveal the nature of the driving 
forces underlying GS1→GS2 and GS2→GS1 transitions and will allow investigation of 
how binding of EF-G to the PRE complex modulates these forces in order to temporarily 
stabilize GS2 in the early steps of the translocation reaction. Access to this type of 
mechanistic information is afforded by studies of the temperature-dependence of 
GS1→GS2 and GS2→GS1 transition rates. 
The PRE-A complex used in our temperature-dependence studies carries a 
deacylated tRNAPhe in the P site and an empty (i.e. tRNA free) A site. Representative 
  
66
donor (Cy3) and acceptor (Cy5) emission intensities versus time trajectories recorded 
using this PRE-A complex at temperatures of 22, 25, 28, 31, 34, and 37 °C are shown in 
Figure 3-9a. The corresponding smFRET versus time trajectories, calculated as 
ICy5/(ICy3+ICy5), where ICy3 and ICy5 are the Cy3 and Cy5 emission intensities, respectively, 
are also shown in Figure 3-9a. Consistent with previous findings [131, 142], the smFRET 
versus time trajectories fluctuate between two well-defined FRET states centred at FRET 
efficiencies of 0.14  0.02 and 0.74  0.02, corresponding to the GS1(L1 stalk-tRNA 
interaction is disrupted) and GS2 (L1 stalk-tRNA interaction is established) states of the 
PRE-A complex, respectively (Figure 3-9b). The smFRET versus time trajectories 
recorded at 37 C clearly reveal that at this temperature the PRE-A complex continues to 
fluctuate between two well-defined FRET states centered at FRET values consistent with 
GS1 and GS2. This observation clearly demonstrates that at the physiologically relevant 
temperature of 37 C, GS1 and GS2 continue to define minima in the free-energy 
landscape and that GS1→GS2 and GS2→GS1 transitions remain separated by 
appreciable kinetic barriers. Thus, EF-G must contend with these energetic features of the 
PRE complex during translocation in vivo and these energetic features of the PRE 
complex present a viable target for regulating translation in vivo, for example using 
ribosome-targeting small-molecule drugs.  
Dwell-time histograms for GS1→GS2 and GS2→GS1 transitions at the various 
temperatures were plotted as previously described [131]. Specifically, each smFRET 
versus time trajectory was first idealized using a hidden Markov model using the 
HaMMy software suite [143]. We then used the idealized trajectories to plot a histogram 
of the idealized FRET values. The data points within the first second of each smFRET 
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trajectories were included to avoid the accumulation of FRET value at 0 due to 
photobleaching of the fluorophores. The two peaks apparent in the resulting histograms 
were fitted with Gaussian distributions using user-specified initial values of 0.1 and 0.7 
(Figure 3-9b), corresponding to the approximate FRET values of GS1 and GS2, 
respectively. The center and the full width at half height of the resulting Gaussian 
distributions were used to determine the thresholds for each FRET state. Using these 
thresholds to define the GS1 and GS2 states in the idealized trajectories, transition events 
were identified and dwell time spent in GS1 or GS2 before transitioning into GS2 or GS1 
were extract, respectively. Population histograms of the dwell times spent in GS1 or GS2 
were then plotted as a function of the dwell time [131] (Figure 3-9c and d). 
Comparison of the smFRET versus time trajectories recorded across all measured 
temperatures clearly demonstrates that the frequencies of both GS1→GS2 and GS2→GS1 
transitions increase as a function of increasing temperature (Figure 3-9a). Consistent with 
this observation, histograms of the dwell times spent at GS1 prior to undergoing a 
GS1→GS2 transition (Figure 3-9c) or at GS2 prior to undergoing a GS2→GS1 transition 
(Figure 3-9d) plotted at the various temperatures reveal that both GS1 and GS2 are 
destabilized by increasing temperature. Extension of these experiments to PRE-A 
complexes in the absence versus the presence of EF-G, containing different P site-bound 
tRNAs, using multiple smFRET labeling schemes, and/or recorded under a variety of 
buffer conditions should now allow a comprehensive analysis of the thermodynamic 
activation parameters associated with GS1→GS2 and GS2→GS1 transitions. 
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Figure 3-9: Temperature-dependent investigation of the GS1  GS2 equilibrium obtained using our 
microfluidic platform in combination with TIRF microscope-based smFRET measurements at controlled 
temperatures of 22, 25, 28, 31, 34, and 37 °C. (a) Representative Cy3 and Cy5 emission intensities and 
FRET versus time trajectories. Cy3 and Cy5 emission intensities versus time trajectories are shown in 
green and red, respectively (top row). The corresponding smFRET versus time trajectories are shown in 
blue (bottom row). (b) Histogram of idealized FRET values built using the data collected at the 22˚C 
temperature point as an example. Dwell time histograms of (c) GS1 prior to undergoing a GS1→GS2 
transition and (d) GS2 prior to undergoing a GS2→GS1 transition at the various temperature points that 
were investigated. 
 
3.4 Conclusions 
This chapter presents a microfluidic approach to investigating the temperature-
dependence of single-molecule activity. Our approach utilizes a temperature-controlled 
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microfluidic flowcell coupled to a prism-based TIRF microscope. The temperature-
controlled microfluidic flowcell consists of a set of parallel microchannels formed 
between a quartz slide and a glass coverslip on which thin-film micro-heaters, for 
efficient and rapid on-chip heating, and temperature sensors, for in situ temperature 
measurements within the microchannels, are integrated. Closed-loop, accurate 
temperature control is accomplished by a PID algorithm with the steady-state temperature 
maintained within approximately ±0.01 ˚C of the desired setpoints while achieving 
thermal stability within less than 30 s.  
The utility of our microfluidic approach has been demonstrated by its application 
to the characterization of the temperature dependence of smFRET versus time trajectories 
reporting on the GS1 GS2 equilibrium within a PRE-A ribosomal complex. Analysis of 
the smFRET versus time trajectories recorded as a function of temperature reveal that the 
GS1 and GS2 states of PRE complexes represent configurations of the PRE complex that 
are preferentially populated at the physiologically relevant temperature of 37 C and that 
EF-G must contend with the kinetic barriers that govern GS1→GS2 and GS2→GS1 
transitions during translocation in vivo. In addition, analysis of the histograms of the 
dwell times spent in the GS1 or GS2 states prior to undergoing a transition plotted from 
the smFRET versus time trajectories recorded the various temperatures reveal that the 
frequencies of both GS1→GS2 and GS2→GS1 transitions increase as a function of 
increasing temperature and that these effects are driven by corresponding decreases in the 
stabilities of the GS1 and GS2 states of the PRE-A complex, respectively. These results 
provide a valuable starting point for the comprehensive analysis of the thermodynamic 
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activation parameters underlying the GS1→GS2 and GS2→GS1 transitions of PRE 
complexes, as well as the effect of EF-G on these parameters during translocation. 
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Chapter 4 A MEMS Differential Scanning Calorimetric Sensor for 
Thermodynamic Characterization of Biomolecules 
 
This chapter presents a MEMS sensor for differential scanning calorimetry (DSC) 
of liquid-phase biomolecular samples. The device consists of two microchambers, each 
of which is based on a freestanding polyimide diaphragm and surrounded by air cavities 
for thermal isolation. The chambers are each equipped with a thin-film gold resistive 
heater and temperature sensor, and are also integrated with a thin-film antimony-bismuth 
(Sb-Bi) thermopile. For DSC measurements, the chambers are respectively filled with a 
biomolecular sample and a reference solution, with their temperature varied at a constant 
rate. The thermopile voltage is measured to determine the differential power between the 
chambers for thermodynamic characterization of the biomolecules. The device is used to 
measure the unfolding of proteins in a small volume (1 L) and at practically relevant 
concentrations (approximately 1 mg/mL). Thermodynamic properties, including the 
enthalpy change and melting temperature, during this conformational transition are 
determined and found to agree with published data. 
4.1 Background 
DSC directly measures heat evolved in thermally active processes as the 
temperature of a sample is varied. When applied to biochemical systems, DSC provides a 
label-free method (i.e., the detection is achieved without fluorescent, enzymatic or 
radioactive labeling of the biomolecules) to determine the thermodynamic properties of a 
wide variety of biomolecular interactions and conformational transitions [51-53]. 
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Conventional DSC instruments, however, involve cumbersome designs, are inconvenient 
to operate, and require large sample sizes (~1 mL) [51, 52]. These issues have hindered 
the widespread application of DSC to biomolecular characterization. In a recently 
developed scanning calorimetry method [144], liquid sample and reference solutions 
were contained in capillary tubing integrated with thin-film temperature sensing, 
although a relatively large sample volume and high sample concentration was still 
required. These issues can potentially be addressed by miniaturization via 
Microelectromechanical Systems (MEMS) technology, as MEMS-based calorimetric 
devices can have unique advantages over conventional instruments, including reduced 
sample consumption, rapid time response, and improved throughput [145]. 
MEMS calorimetric devices, however, remain scarce while the existing examples 
are generally limited by several critical issues. One issue is in the inability to properly 
handle liquid samples in a well-defined environment [92, 95, 99, 101-103]. In addition, 
the calibration of MEMS DSC devices can greatly benefit from the proper use of 
integrated power generation and temperature sensing [144], such that cumbersome 
auxiliary equipment such as external optical equipment [102, 146]. While thin-film 
resistive heaters and temperature sensors were included in our previous MEMS DSC 
device [147], limitations in the heater geometry and placement did not allow on-chip 
heating to be used for device calibration. 
In this chapter, we present a MEMS DSC sensor aiming to address these critical 
issues. The device integrates two microfluidic calorimetric chambers containing liquid-
phase sample and reference solutions, each of which is based on a freestanding, thermally 
stable polyimide diaphragm and surrounded by air cavities for effective thermal isolation. 
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A Sb-Bi thermopile is embedded in the diaphragm for sensitive thermoelectric detection, 
and resistive microheaters and temperature sensors are properly aligned to calorimetric 
chambers for on-chip device calibration. The device is applied to the measurement of the 
unfolding of proteins in small volume (1 L) at practically relevant concentrations 
(approaching 1 mg/mL), demonstrating the potential of MEMS calorimetry to enable 
sensitive biomolecular characterization with minimized sample consumption.  
4.2 Materials and Methods 
4.2.1 Principle and Design 
DSC measures the differential thermal power, i.e., the difference in thermal power 
between a sample and a reference material, as a function of temperature. When the 
sample and reference materials are subjected to identical temperature scanning, i.e., their 
temperatures are varied at a prespecified rate within a range of interest, the thermally 
induced activity of the sample molecules, which is either exothermic or endothermic, 
causes a small temperature difference between the sample and reference materials (i.e., 
differential temperature). This differential temperature can be detected to reflect the 
differential power 
s rP P P                                                       (4-1) 
where Ps and Pr are the thermal power generated in the sample and reference materials, 
respectively [147]. Therefore the differential heat capacity 
p ps prC C C                                                   (4-2) 
where Cps and Cpr are, respectively, the heat capacities of the sample and reference 
materials, can be determined as [147] 
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p
P UC
T ST
                                                  (4-3) 
where T  is the time rate of the controlled temperature of sample and reference materials, 
U is the output from the thermoelectric sensor that is employed to detect the differential 
temperature [148], and S is the thermoelectric sensitivity, i.e., the output electrical 
voltage generated by unit differential thermal power. Interpretation of the differential heat 
capacity then leads to determination of the fundamental thermodynamic properties of the 
sample material [147]. 
The MEMS DSC device consists of two identical PDMS microchambers, which 
hold sample and reference materials for calorimetric measurements. These chambers, 
referred to as the sample and reference chambers, respectively, are each connected to 
inlet and outlet ports by microfluidic channels and situated on a freestanding polyimide 
diaphragm. The diaphragms, along with air cavities surrounding the chambers, provide 
thermal isolation that enables sensitive calorimetric measurements (Figure 4-1a). The 
device is composed of multiple material layers (Figure 4-1b), including a layer of thin-
film Sb-Bi thermopile embedded in the diaphragms with its hot and cold junctions 
located underneath the centers of the calorimetric chambers to measure the temperature 
difference between the sample and reference solutions. Each calorimetric chamber is also 
integrated with a thin-film resistive micro-temperature sensor and heater, in a separate 
material layer underneath the chamber center. These thermal transducers monitor the 
chamber temperatures in real time, and provide heating to the calorimetric chambers to 
generate a constant differential power for calorimetric calibration. 
Antimony (Seebeck coefficient: 43 V/K) and bismuth (Seebeck coefficient: -79 
V/K) [148] are chosen for differential temperature sensing due to their high 
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thermoelectric sensitivies and ease of fabrication. Polymers are used to construct the 
calorimetric chambers to facilitate thermal isolation. In particular, polyimide is chosen as 
the diaphragm material due to its excellent mechanical stiffness (Young’s modulus: 2.5 
GPa) and thermal stability (glass transition temperature: 285 °C) [149], while PDMS is 
used to fabricate the calorimetric chambers for its ease of fabrication and packaging as 
well as biocompatibility.  
Thermal isolation air gaps
Sample & reference chambers
Sb-Bi thermopile
Polyimide diaphragm
Micro-heater
Temperature sensor
PDMS structure
Polyimide-PDMS 
intermediate layer
Silicon substrate
A A’
A-A’ :
(a)
(b)
 
Figure 4-1: Schematic of the MEMS DSC device: (a) top, and (b) isometric views. 
4.2.2 Fabrication and Measurements Setup 
The fabrication of the MEMS DSC device involved a thermal substrate bonded to 
a microfluidic structure. The thermal substrate was fabricated from a silicon wafer that 
was precoated with silicon dioxide, starting with deposition of a 6-m thick polyimide 
film by spin-coating. A pair of cavities were etched by tetramethylammonium hydroxide 
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(TMAH) into the backside of the wafer in correspondence to the calorimetric chambers, 
down to an approximately 50 m-thick residual layer left on the front side (Figure 4-2a). 
After fully curing the polyimide film, a chromium/gold thin film (5/200 nm) was 
deposited by thermal evaporation to obtain the microheaters and temperature sensors, 
where then passivated with another polyimide layer (2 m) by spin-coating (Figure 4-2b). 
Subsequently, Sb and Bi thin films (0.5 and 1.2 m) were thermally evaporated and 
patterned using a standard lift-off process to form a 50-junction thermopile (Figure 4-2c). 
The microfluidic structure was fabricated from PDMS using micromolding techniques 
[150], and comprised the calorimetric chambers each of cylindrical shape and 1 L in 
volume (diameter: 2.5 mm and height: 200 m), with a center-to-center separation of 4 
mm. Also included in the microfluidic structure were the microchannels (length: 2 mm, 
width: 100 m, and height: 200 m) connecting the chambers to the inlet and outlet ports. 
The thermal substrate was bonded with the PDMS microfluidic structure, with adhesion 
provided by an intermediate layer of polyimide-PDMS mixture [151] (approximately 2 
m thick) (Figure 4-2d). Finally, XeF2 gas-phase isotropic etching was used to remove 
the residual silicon layer on the thermal substrate, releasing the freestanding polyimide 
diaphragm (Figure 4-2e). The integrated resistive microheaters each had a nominal 
resistance of 40  and the temperature sensors each had a nominal resistance of 55 . 
Shown in Figure 4-3 are the images of the PDMS structure and thermal substrate, as well 
as micrographs of the thermopile, integrated microheater and temperature sensor 
embedded in the diaphragm.  
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Figure 4-2: Fabrication process for the MEMS DSC device. 
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Figure 4-3: Images of a MEMS device: (a) the PDMS microfluidic structure, (b) the thermal substrate, (c) 
the thermopile, integrated microheater and temperature sensor embedded in the diaphragm, and (d) the 
thermopile junctions.  
The experimental setup is illustrated in Figure 4-4. The on-chip microheaters, 
used for device calibration, were driven by a DC power supply (Agilent E3631A) and 
generated a constant differential heating power in the calorimetric chambers. The on-chip 
temperature sensors, used for both device calibration and DSC measurements of 
biomolecules, were interrogated by a digital multimeter (Agilent 34410A) to monitor the 
temperatures of the calorimetric chambers (Figure 4-4a). The thermopile output voltage, 
which is proportional to the differential temperature between the chambers, was 
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measured by a nanovoltmeter (Agilent 34420A). The temperature control of the MEMS 
DSC device and thermoelectric measurements were automated using a personal computer 
via a LabVIEW-based program. 
A packaged MEMS DSC device (i.e., a device made accessible to the macroworld 
by electrical interconnection wires and fluid interconnection tubes) was housed in a 
custom-built, temperature-controlled thermal enclosure consisting of multiple metal 
enclosure layers surrounding a metal stage on which the device was placed (Figure 4-4b). 
Multiple Peltier devices (Melcor UT15-12-40-F2) were located underneath the device 
stage, and by a power supply (Agilent E3631A), to add heat to or remove heat from the 
device. The temperature of the sample and reference chambers was controlled in closed 
loop by adjusting the voltage applied to the Peltier devices according to the feedback 
from the on-chip temperature sensors based on a PID algorithm. 
The thermal enclosure offered thermal isolation of the device from the ambient 
environment to minimize measurement noise [152, 153]. In addition, the enclosure 
provided an environment in which the sample and reference solutions in the device were 
at a sufficiently uniform temperature, which was scanned at a specified rate. At any 
instant during DSC measurements, this allowed the biomolecules in the sample solution 
to experience a uniform temperature, which was accurately obtained by the on-chip 
temperature sensors. Thus, together with determination of the differential power by the 
thermopile, the MEMS device in this experimental setup could achieve accurate DSC 
measurements of biomolecules. 
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Figure 4-4: Testing setup for the MEMS DSC device. (a) DSC measurement setup. (b) Details of the 
custom-built, temperature-controlled thermal enclosure.  
4.2.3 Experimental Method 
The device was calibrated to determine the device response as a function of the 
differential power. This involved measurement of the output voltage of the thermopile in 
response to a known differential power, applied using the microheaters integrated on-
chip, between the sample and reference chambers, which were both filled with pure 
buffer containing no biomolecules. Note that while DSC measurements generally 
require biomolecules at a uniform temperature (as described above), temperature 
uniformity was not a major requirement for the device calibration because of the 
absence of biomolecules in the chambers. Thus, it was sufficient for the applied 
differential power to be given in the form of the difference in total thermal power 
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between the chambers, and this was adequately accomplished by on-chip heating despite 
its potential temperature localization effects. 
During device calibration, the sample and reference chambers were both filled 
with 0.1 M Glycine-HCl buffer (pH 2.5), which was the buffer later used for protein 
unfolding measurements. A known, constant differential power was created by 
activating the microheater below the sample chamber while leaving the microheater 
underneath the reference chamber turned off. The temperature sensors were used to 
measure the temperatures of the thermopile’s hot and cold junctions. The device output, 
i.e., the thermopile output voltage, was measured as a function of time to obtain the 
device’s steady-state and transient responses to the differential heating power. 
Before DSC measurements, the baseline in device output, i.e., the thermopile 
output voltage in the absence of a differential power input, during temperature scanning 
was measured with both calorimetric chambers filled with buffer solutions. Biological 
sample and buffer solutions were degassed with a vacuum chamber built in-house, 
metered with micropipettes, and introduced by a syringe pump (New Era Pump Systems, 
NE 1000). DSC measurements of biomolecules were performed with the temperature of 
the calorimetric chambers, respectively filled with biological sample and buffer 
solutions, scanned in a range of interest. The temperature sensors were used to monitor 
the temperatures of calorimetric chambers while the device output was obtained in real 
time to compute the biomolecular thermal power. The baseline in device output was 
always subtracted from the measurement signal for determination of thermodynamic 
properties of biomolecules.  
 
  
81
4.3 Results and Discussions 
4.3.1 Device Calibration 
We first calibrated the sensitivity of the thermopile integrated in the MEMS DSC 
device at varying temperature difference between the hot and cold junctions, generated 
by on-chip heating. The thermopile differential voltage exhibited a highly linear 
relationship with temperature difference (Figure 4-5), showing a total thermoelectric 
sensitivity of 6.3 mV/ºC for the 50-junction thermopile. Therefore, a Seebeck coefficient 
of 125 V/K for each Sb-Bi thermocouple was obtained, which was well within the range 
of values in the literature [154]. 
In addition, we calibrated the steady-state response of the MEMS DSC device to 
varying differential power and observed again a highly linear relationship, yielding a 
nearly constant responsivity of S = 4.0 mV/mW (Figure 4-6). This is approximately four 
times the responsivity of our previous MEMS DSC device [147] due to the higher 
thermoelectric sensitivity of the Sb-Bi thermopile. We have measured the device’s 
steady-state response to differential power at different temperatures ranging from 25 to 
65 °C (controlled by the thermal enclosure). The measurement data indicated that the 
device responsivity in this temperature range exhibited a relative standard deviation of 
less than 4%. It is thus acceptable to neglect the temperature dependence of the device 
sensitivity. We also observed a root-mean-square (RMS) noise of approximately 40 nV in 
the device output, which was used to determine a baseline noise in the differential power. 
This corresponded to a detection limit of approximately 10 nW in differential thermal 
power measurement, or a 3 improvement over that allowed by our previous MEMS 
DSC device [147].  
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Figure 4-5: Thermopile output voltage from the MEMS DSC device in response to constant temperature 
difference between the thermopile’s hot and cold junctions. 
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Figure 4-6: Steady-state response of the MEMS DSC device to constant differential power between the 
calorimetric chambers. 
To characterize the transient response of the MEMS DSC device, a step 
differential power of 130 W was initially applied to the calorimetric chambers and then 
turned off once the device output reached its equilibrium. The corresponding output 
voltage from the thermopile (Figure 4-7) was found to exponentially grow with time 
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upon the application of the differential power, while decay exponentially upon the 
removal of the differential power. The thermal time constant was approximately 2.0 s, 
calculated by fitting the experimental data to first-order exponential growth and decay 
functions. This is significantly smaller than time constants of conventional DSC 
instruments [59] and considered appropriate for detection of biomolecular conformational 
transitions. 
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Figure 4-7: Transient response of the MEMS DSC device with respect to a step differential power. 
4.3.2 Measurements of Protein Unfolding 
The calibrated MEMS DSC device was exploited to characterize protein 
unfolding, a common type of biomolecular conformational transition. For this purpose, 
the thermal enclosure was found to be capable of providing temperature scanning of the 
MEMS DSC device at time rates as high as 6 ºC/min in the range of 10-90 ºC with power 
consumption lower than 25 W. Using lysozyme prepared in 0.1 M Glycine-HCl buffer 
(pH 2.5) for demonstration purposes, we monitored the device output while the sample 
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and reference chambers, respectively filled with lysozyme and buffer, were scanned in a 
temperature range of 25-75 ºC at a constant rate of 5 ºC/min. 
The thermopile output voltage as a function of temperature, corrected by baseline 
subtraction, was measured at varying protein concentrations ranging from 1 to 20 mg/mL 
(0.07-1.4 mM) (Figure 4-8). It can be observed that the device output exhibited a 
concentration-dependent minimum within a certain temperature range, reflecting the 
endothermic nature of protein unfolding processes. Notably, the unfolding of lysozyme 
was detectable at 1 mg/mL, representing a significant improvement over the MEMS DSC 
device we previously reported [147].  
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Figure 4-8: Output (baseline subtracted) of the MEMS DSC device as a function of temperature during the 
unfolding of lysozyme at varying concentrations. 
4.3.3 Determination of Thermodynamic Properties 
Furthermore, the differential heat capacity between the chambers was computed 
from the differential voltage measurement (Figure 4-8) using calibrated device sensitivity 
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(4.0 mV/mW) and Eq. (4-3), allowing us to obtain the thermodynamic properties of 
lysozyme during its unfolding process, such as partial specific heat capacity (c) (Figure 
4-9a), the total change of molar enthalpy (i.e., enthalpy per mole of lysozyme) (H), and 
melting temperature (Tm, defined as the temperature at which the change of molar 
enthalpy achieves 50% of H) (Figure 4-9b) using a model previously described [147]. 
Despite the amplitude difference of device output at various protein concentrations, they 
all yielded consistent estimates of the thermodynamic properties associated with the 
protein unfolding process. In particular, the profile shape of c was generally not 
influenced by protein concentration, and H was consistently determined to be 
approximately 450 kJ/mol with a corresponding melting temperature Tm of approximately 
55 ºC. These results agree with published data, which are typically in the range H = 
377-439 kJ/mol and Tm = 55-58.9 ºC for lysozyme [155], demonstrating the potential 
utility of our MEMS DSC device for biomolecular characterization with minimal sample 
consumption at practically relevant protein concentrations. 
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Figure 4-9: (a) Partial specific heat capacity, and (b) change of molar enthalpy as a function of temperature, 
during the unfolding of lysozyme at varying concentrations.  
4.3.4 Effect of Temperature Scanning Rate 
We further investigated the effects of the temperature scanning rate on DSC 
measurements [156], considering that temperature scanning unsynchronized with the 
thermal response of the sample could cause error in measurements [157]. Using 20 
mg/mL lysozyme prepared in 0.1 M Glycine-HCl buffer (pH 2.5) for example, we 
characterized its unfolding at temperature scanning rates varying from 1-6 ºC/min. The 
thermopile output voltage (again corrected by baseline subtraction) (Figure 4-10a) 
exhibited a consistent dip in the same temperature range for protein unfolding as 
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indicated above, with an amplitude increasing with the temperature scanning rate. This is 
consistent with a larger heat flux resulting in a higher endothermic power through phase 
transformations [158, 159]. 
These data were then used to compute the change of molar enthalpy (Figure 
4-10b), also using the method described in Ref. [147]. Although a slight shift in the 
device output could be observed (Figure 4-10a) as temperature scanning rate increased, 
the thermodynamic properties associated with the protein unfolding process were found 
generally consistent, with a standard variation in H of approximately 50 kJ/mol (i.e., ± 
5% of the mean value of H) and a standard variation in Tm of less than 1 ºC (Figure 
4-10b). Notably, for temperature scanning at 1-5 ºC/min, the Tm values were almost the 
same. This demonstrates the measurement consistency using our MEMS DSC device, 
and indicates that a temperature scanning rate as high as 5 ºC/min is adequate for the 
measurement of lysozyme unfolding. 
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Figure 4-10: (a) Output of the MEMS DSC device, and (b) change of molar enthalpy as a function of 
temperature, during the unfolding of lysozyme (20 mg/mL) at varying temperature scanning rates.  
 
4.4 Conclusions 
This chapter presents a MEMS DSC sensor combining sensitive thermoelectric 
sensing and effective thermal isolation for thermodynamic characterization of small 
quantities of liquid-phase biomolecular samples. The device consists of a pair of PDMS 
microfluidic chambers (volume: 1 L), each situated on a freestanding polyimide 
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diaphragm and surrounded by air cavities for thermal isolation. The calorimetric 
chambers are each integrated with a thin-film resistive gold temperature sensor and heater 
for temperature monitoring and on-chip calibration heating. The chambers are also 
integrated with a thin-film Sb-Bi thermopile whose hot and cold junctions are located at 
the centers of the chambers to measure the differential temperature between chambers. 
The device is placed within a custom-built thermal enclosure, which provide uniform 
temperature scanning and minimized environmental disturbances. For DSC 
measurements, the calorimetric chambers are respectively filled with a biomolecular 
sample and a reference solution. With their temperature scanned at a constant rate over a 
range of interest, the differential thermal power between the biomolecular sample and 
reference solution is measured via the thermopile voltage in real time and used to 
compute the thermodynamic properties of the biomolecules, including the partial specific 
heat capacity, the change of molar enthalpy, and the melting temperature. 
The MEMS DSC sensor was first calibrated to determine its responsivity (4 
mV/mW) and thermal time constant (2.0 s). It was then used to measure the unfolding of 
lysozyme at detectable sample concentrations approaching 1 mg/mL. Using the 
measurement data, the total change of molar enthalpy and melting temperature in the 
lysozyme unfolding process were determined to be approximately 450 kJ/mol and 55 ºC, 
in agreement with values (377-439 kJ/mol and 55-58.9 ºC) reported in the literature. 
Finally, we investigated the effects of choice of temperature scanning rate on DSC 
measurements using the device and observed that a temperature scanning rate as high as 5 
ºC/min is adequate for the characterization of lysozyme unfolding. These results 
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demonstrate the potential of this MEMS DSC device for sensitive biomolecular 
characterization with minimized sample consumption.  
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Chapter 5 Temperature-Modulated Differential Scanning Calorimetry 
in a MEMS Device 
 
This chapter presents a MEMS-based approach to temperature-modulated 
differential scanning calorimetry (AC-DSC) for biomolecular characterization. Based on 
a MEMS device integrating microfluidic handling with highly sensitive thermoelectric 
detection as well as on-chip AC heating and temperature sensing, we perform, for the 
first time, MEMS-based AC-DSC detection of liquid biological samples, demonstrated 
by the measurements of protein unfolding. The specific heat capacity and the melting 
temperature of the protein during the unfolding process are obtained and found to be 
consistent with published data. This MEMS AC-DSC approach has potential applications 
to label-free characterization of biomolecules. 
5.1 Background 
DSC is a widely applicable label-free characterization method for solution-phase 
biomolecular interactions [51]. Standard DSC (i.e., DC-DSC), in which the temperature 
of the materials is varied at a constant rate, is one of the most widely applicable 
calorimetric measurement modes. DC-DSC methods have been used to characterize a 
wide variety of biomolecular interactions and conformational transitions [52]. 
Temperature-modulated differential scanning calorimetry (AC-DSC) is a variant 
of DSC. In comparison to DC-DSC, AC-DSC involves calorimetric measurements under 
temporally periodic temperature variations. The use of temperature modulation allows 
more effective thermal relaxation of biomolecules, and hence AC-DSC is in general 
capable of higher temperature scanning rates than offered by DC-DSC [160]. In addition, 
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by choice of the modulation frequency, the heat leakage from the biochemical reactants 
to the surroundings, which exists in non-adiabatic calorimetric measurements, can be 
reduced [161, 162] to minimize a significant source of experimental error. Moreover, AC 
calorimetry minimizes the effects of broad-band background noise via extraction of the 
detection signal by referencing the modulation frequency [163]. 
However, for conventional calorimetric instruments, the large thermal mass of the 
machine and the relatively large sample volumes used dictates a relatively slow thermal 
time response, making it difficult to exploit the more rapid temperature scanning rates 
AC-DSC could offer. MEMS technology can potentially address this issue by minimizing 
device dimensions, resulting in smaller thermal masses and minimized sample 
consumption. MEMS-based calorimetric devices, however, have not yet been extensively 
explored for biomolecular characterization [164]. The length scale reduction offered by 
MEMS technology [165] and hybrid designs combining external flowcells [103] have 
enabled high-throughput measurements of biomolecular binding. Cell metabolism was 
measured using differential calorimetric detection in an open environment [102], and we 
have previously demonstrated MEMS DSC characterization of protein denaturation with 
miniature thermal transducers and microfluidic chambers [147]. 
Recently there have been attempts to combine MEMS designs with the AC-DSC 
approach using microchips for AC calorimetric studies. Samples were measured in 
microdevices integrating thermoelectric sensing and AC heating. The AC heat was 
generated by different methods, such as using thermocouples as both the heating source 
and the thermal sensor [166], directly applying an AC current through the sample 
materials [167], and using a modulated Peltier module as the heat bath [162]. However, 
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these devices are generally focused on studying the material properties of solid thin films 
under extreme experimental conditions (e.g., very low temperature) [168] in an open 
environment [169], and are hence not well suited to solution-based biomolecular 
characterization. 
This chapter presents experimental results from AC-DSC of liquid biological 
samples within a MEMS device. The device, which was recently developed for DC-DSC 
measurements without temperature modulation [170], consists of microfluidic chambers 
containing biological and reference materials, an antimony-bismuth (Sb-Bi) thermopile 
for thermoelectric sensing, and thin-film resistive microheaters and temperature sensors. 
To enable AC-DSC, the differential thermal power between the sample and reference is 
measured, while the temperature of the chambers is varied at a specified rate with a 
periodic (AC) modulation. The device is highly sensitive due to improved thermal 
isolation and the use of the Sb-Bi thermopile for thermoelectric sensing, and allows 
minimized sample consumption in 1 L of measurement volume. The integrated 
microheaters and temperature sensors enable in-situ AC heating and temperature sensing 
for accurate and efficient AC-DSC measurements and convenient device calibration. 
With these attributes, this MEMS AC-DSC approach can potentially enable highly 
efficient measurements of the thermodynamic characteristics of biomolecules with 
improved accuracy. This potential is demonstrated by the application of the device to 
AC-DSC measurements of the unfolding of lysozyme, which allow the determination of 
the thermodynamic properties associated with the conformational transitions of the 
protein.  
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5.2 Materials and Methods 
5.2.1 Principle and Design 
AC-DSC monitors the differential heat capacity, i.e., the heat capacity difference 
between a sample and a reference material, by varying the materials’ temperatures at a 
specified constant rate via a thermally isolated enclosure equipped with temperature 
control functionalities, superimposed with a temporally periodic variation via identical 
AC modulation heating applied to the sample and reference (Figure 5-1). The differential 
heat capacity can be obtained by the measurement of the differential temperature, i.e., the 
temperature difference between the sample and reference materials [147]. 
Thermal enclosure
AC Modulated Heating
Differential temperature
ReferenceSample
 
Figure 5-1: Principle of AC differential scanning calorimetry. 
To enable AC-DSC measurements, we use a MEMS device combining highly 
sensitive thermoelectric sensing and microfluidic handling (Figure 5-2a) [147, 170]. The 
device consists of two identical poly(dimethylsiloxane) (PDMS) microchambers to 
contain sample and reference materials, respectively, for calorimetric detection. Each 
calorimetric chamber, i.e., the PDMS chamber containing the sample or reference 
material (or, sample or reference chamber), is situated on a freestanding polyimide 
diaphragm and surrounded by air gaps for maximum thermal isolation. This device 
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features a multilayer configuration in which a layer of thin-film Sb-Bi thermopile is 
embedded in the diaphragms, with its hot and cold junctions located directly below the 
calorimetric chamber centers, to measure the minute differential temperature between the 
sample and reference materials. Another layer of thin-film resistive micro temperature 
sensors and heaters is also embedded in the diaphragms (Figure 5-2a). With alignment to 
the centers of calorimetric chambers, the temperature sensors are used to monitor the 
chamber temperatures in real time. Meanwhile, the microheaters are also aligned to the 
calorimetric chambers to provide uniform heating, from which a constant differential 
power can be generated for device calibration, and on-chip AC modulation heating can be 
directly achieved for AC-DSC measurements.  
Sample & reference 
chambers
Inlet/outlet
Thermal isolation 
air gaps
Polyimide 
diaphragm
Thermopile
Micro-heater
Temperature 
sensor
5 mm(a) (b)
 
Figure 5-2: (a) Design schematic of the MEMS-based differential scanning calorimetric device. (b) A 
packaged device. 
In considering the thermal leakage of the sample to the ambient environment, for 
simplicity we use a modulated electric current 0 cos( )I I t  ( is the modulation 
frequency) passing through the on-chip heater with constant resistance R [171]. It can be 
shown that when the heat transfer reaches steady state, the sample temperature consist of 
a DC component and an AC component whose amplitude is given by 
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2 2 2
ac 0 / (2 1 4 ),T I R k      where K the thermal conductance between the sample and 
the ambient, /C k   the device’s thermal time constant [171, 172], and C the total heat 
capacity of the sample and its containing chamber. If is chosen such that 1  , then 
the AC temperature amplitude is approximately 
2
0
ac 4
I RT
C                                                       (5-1) 
which is independent of the thermal conductance K. Therefore, the effects of the heat loss 
to ambient can be ignored in AC mode, minimizing a significant source of experimental 
error in non-adiabatic calorimetric measurements. 
Using this MEMS device for AC-DSC measurements, the sample and reference 
chambers contain biological sample and buffer solutions, respectively. The device is 
placed in a thermally isolated enclosure whose temperature is varied at a constant rate, 
while a periodic modulation heating power is applied to the calorimetric chambers via the 
integrated microheaters. The differential temperature, indicative of the differential power 
between the sample and reference during biomolecular interactions, is then detected in 
terms of the AC-modulated voltage generated in the thermopile. 
5.2.2 Fabrication 
The MEMS device was fabricated using a process involving a thermal substrate 
bonded to a microfluidic structure [170]. In particular, the thermal substrate was 
fabricated from a silicon wafer, with cavities etched into the backside corresponding to 
the calorimetric chambers on the frontside to generate freestanding chambers [170]. The 
polyimide diaphragms, Cr/Au microheaters and temperature sensors, and Sb-Bi 
thermopile were patterned sequentially on the substrate, which was bonded to the 
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microfluidic structure fabricated from PDMS using micromolding techniques [173]. The 
two circular calorimetric chambers of the device, each with a volume of 1 L (diameter: 
2.5 mm, height: 200 m) and situated on a 6-m thick polyimide diaphragm, were 
separated by a center-to-center distance of 4 mm. The Sb-Bi thermopile consisted of 100 
thermoelectric junctions. The integrated microheaters each had a nominal resistance of 40 
 and the resistive temperature sensors each had a nominal resistance of 55 . A 
packaged device is shown in Figure 5-2b. 
5.2.3 Experimental Method 
During the experiment, the MEMS device was located in a thermal enclosure built 
in-house [170]. This thermal enclosure consisted of multiple metal enclosures 
surrounding a metal stage on which the device was placed to shield it from environmental 
disturbances [152]. Multiple Peltier devices were integrated underneath the device stage 
to generate the heat used for temperature scanning of the sample and reference solutions 
contained in the device. The temperature of the sample stage in the thermal enclosure was 
controlled in closed-loop via a PID algorithm implemented by a commercial temperature 
controller (Lakeshore 331). The on-chip microheaters driven by a DC power supply 
(Agilent E3631A) were used to generate a constant differential power input, while for 
modulation heating, a square-wave AC voltage generated by a waveform generator 
(Agilent 33220A) was applied (Figure 5-3). The temperature sensors were used to detect 
the real-time temperature inside each of the calorimetric chambers by a digital multimeter 
(Agilent 34410A). During device calibration, the thermopile output voltage was 
measured by a nanovoltmeter (Agilent 34420A), while during AC-DSC measurement, the 
amplitude and phase of thermopile voltage were measured by a lock-in amplifier 
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(Stanford Research Systems SR830) referenced by the same AC modulation square wave 
from the waveform generator. The AC-DSC measurement was fully automated through a 
LabVIEW program.  
The DC performance of the MEMS device was calibrated using a known, 
constant differential power generated by activating the microheater below the sample 
chamber while the microheater underneath the reference chamber remained off. The 
baseline in device output, i.e., the thermopile voltage with no differential power input 
during temperature scanning, was measured with both chambers filled with buffer 
solutions. During calibration of the device’s modulation frequency dependence and AC-
DSC measurements, the sample chamber was filled with a biological sample solution 
while the reference chamber was filled with the buffer solution. Biological sample and 
buffer solutions were degassed with a vacuum pump built in house and then introduced 
into the device’s calorimetric chambers with micropipettes. 
Waveform Generator
Lock-in Amplifier
Thermal enclosure
LabVIEWTemperatures Ts, Tr
Digital Multimeter 
U
Test device
Temperature Controller
AC heating 
power
 
Figure 5-3: AC-DSC experimental setup. 
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5.3 Results and Discussion 
5.3.1 Device Calibration 
We first calibrated the thermopile integrated in the MEMS device and found that 
the 100-junction thermopile showed a sensitivity of 13.0 mV/ºC (Figure 5-4), 
corresponding to a Seebeck coefficient of (per Sb-Bi thermoelectric junction) of 
approximately 130 V/ºC, which is consistent with data reported in the literature [154]. 
The steady-state response of the device to a constant differential power was then 
measured, and exhibited a highly linear relationship with a DC responsivity of 8.0 
mV/mW (Figure 5-5). These results were consistent with calibration results from a device 
with an integrated 50-junction Sb-Bi thermopile [170]. 
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Figure 5-4: Output voltage of the thermopile integrated in the MEMS device in response to constant 
differential temperature between its hot and cold junctions. 
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Figure 5-5: Steady-state response of the MEMS device to a constant differential power between the 
calorimetric chambers. 
Additionally, we characterized the transient response of the device. The 
calorimetric chambers, both of which were filled either with air or with 0.1 M Glycine-
HCl buffer (pH 2.5), were subjected to a step differential power (0.32 or 1.30 mW). 
Results from these characterization measurements are shown in Figure 5-6. The 
dependence of the thermopile voltage on time can be well represented by a first order 
exponential increase. The thermal time constant thus obtained was 0.8 s when the 
chambers were filled with air, and 2.0 s when they were filled with buffer solution. These 
values were independent of the applied differential power, and were desirably smaller 
than conventional AC calorimetric measurements [169]. 
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Figure 5-6: Transient response of the MEMS DSC device when the sample chamber was heated with a 
step power while the reference chamber was unheated. 
5.3.2 Modulation Frequency Dependence 
We further investigated the modulation frequency dependence of the device 
response to the applied differential power. To better simulate the application for AC-DSC 
measurement of protein unfolding process, the sample chamber was filled with lysozyme 
(20 mg/mL, prepared in 0.1 M Glycine-HCl, pH 2.5) as a sample, while the reference 
chamber was filled with Glycine-HCl buffer. The chambers were maintained at a 
constant temperature (25, 35, or 45 C), and subjected to AC heating (voltage amplitude: 
1 V). The dependence of the thermopile voltage amplitude on the modulation frequency, 
corrected by baseline subtraction, is shown in Figure 5-7. It can be seen that the 
thermopile voltage increased with temperature at almost all modulation frequencies, 
which can be explained by the temperature-dependence of the protein’s heat capacity. 
More importantly, the device output (and hence sensitivity) was maximized in a 
modulation frequency range of 0.5 to 20 Hz (Figure 5-7), suggesting a reduced heat loss 
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to the ambient by choice of modulation frequency [167]. Therefore, modulation 
frequencies in this range were used below in calorimetric measurements of protein 
unfolding processes. 
 
Figure 5-7: Frequency dependence of the thermopile voltage amplitude (baseline subtracted) when the 
sample chamber was filled with lysozyme (20 mg/mL) and the reference chamber was filled with 0.1 M 
Glycine-HCl buffer (pH 2.5). 
5.3.3 AC-DSC Measurements of Protein Unfolding 
The MEMS AC-DSC device was used to measure the thermal behavior of protein 
unfolding. Using lysozyme at different concentrations (10 and 20 mg/mL, prepared in 0.1 
M Glycine-HCl buffer, pH 2.5) for example, the temperature of the calorimetric 
chambers was varied from 25 to 82 C at a rate of 5 C/min in combination with AC 
modulation via a heating voltage amplitude of 3.5 V at a constant frequency (1, 5, or 10 
Hz). The periodic temperature variation resulting from the AC modulation heating had an 
amplitude of approximately 0.2 ºC.  
The measured thermopile voltage amplitude (Figure 5-8a), again corrected by 
baseline subtraction, showed a concentration-dependent dip during the unfolding process, 
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consistent with the endothermic nature of protein unfolding [56]. In addition, despite 
differences in thermopile voltage amplitude for different lysozyme concentrations, the 
phase of the thermopile voltage (Figure 5-8b) had identical changes throughout the 
unfolding process, which remained unchanged in the native and unfolded states when a 
two-state protein denaturation model was adopted [56, 155]. Furthermore, both the 
amplitude and phase changes of the thermopile voltage exhibited clear shifts with the 
modulation frequency (Figure 5-8), which could be attributed to the unsynchronized 
thermal response of the device to AC heating [167]. However, at a fixed protein 
concentration, the profiles of the thermopile voltage amplitude and phase changes had 
virtually the same shape (Figure 5-8) at different modulation frequencies, showing the 
suitability of the frequency choice for our MEMS-based AC-DSC measurements.  
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Figure 5-8: Changes in (a) amplitude, and (b) phase, of the thermopile voltage as a function of temperature 
during the unfolding of lysozyme at different lysozyme concentrations and AC modulation frequencies. 
5.3.4 Determination of Thermodynamic Properties 
The apparent melting temperature (Tm) of lysozyme during an unfolding process, 
i.e., the temperature at which the phase change of device output reaches its peak [167], 
was found to be in the range of 55-58 ºC (Figure 5-8), depending on the modulation 
frequency. Furthermore, we can determine the differential heat capacity (Cp) between 
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the protein and reference solutions using the measured thermopile voltage amplitude (U) 
and the following equation [147]  
p / ( )C U ST                                                           (5-2) 
where T  is the time rate of the controlled temperature of sample and reference materials, 
and S is the calibrated thermoelectric sensitivity, i.e., the output electrical voltage 
generated by unit differential thermal power. 
In turn, the partial specific heat capacity (c) of the protein as a function of 
temperature (Figure 5-9) can be determined as [147] 
solv solv p( / ) /c c v v C m                                                 (5-3) 
where c  and solvc  are the partial specific heat capacities of the biomolecule and reference 
solvent, respectively, m  is the mass of the biomolecule in the sample chamber, and v  
and solvv  are the partial specific volumes of biomolecules and the reference solvent, 
respectively. 
It can be seen in Figure 9 that although there again existed a slight shift in c 
throughout the unfolding process induced by modulation frequency, the profile shape of c 
was not influenced by the modulation frequency. Moreover, at each modulation 
frequency, the calculated value of c does not differ significantly at different protein 
concentrations (Figure 5-9), showing that the AC-DSC measurements were accurate. 
There was also a difference in the specific heat capacity (c) between the protein’s native 
and unfolded states, which was calculated to be approximately 3.0 kJ/mol·K regardless of 
the modulation frequency. Note that there were small differences in the value of c at 
different lysozyme concentrations possibly due to protein aggregation at the higher 
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concentrations. By integrating c during the protein unfolding process, we determined the 
total change of molar enthalpy (i.e., enthalpy per mole of lysozyme) to be in the range of 
350-380 kJ/mol, which is slightly lower than published data obtained from DC-DSC 
characterization (377-439 kJ/mol) [155]. This could be attributed to limitations in the 
bandwidth and signal acquisition rate of the current measurement instrumentation, which 
would allow measurements at only a limited number of temperatures. Future work will 
address these instrumentation limitations (e.g., via inclusion of high-speed signal 
processing capabilities) as well as improve the MEMS DSC device sensitivity (e.g., by 
use of calorimetric microstructures with increased thermal isolation), thereby allowing 
accurate AC-DSC measurements of small volumes of biomolecular samples at practically 
low concentrations. 
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Figure 5-9: Specific heat capacity of lysozyme as a function of temperature during the unfolding of 
lysozyme at different lysozyme concentrations and AC modulation frequencies. 
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5.4 Conclusions 
This chapter presents AC-DSC characterization of liquid biomolecules in a MEMS 
device. The device consists of two PDMS microfluidic calorimetric chambers each 1 L 
in volume. The chambers are each surrounded by air gaps and based on a freestanding 
polyimide diaphragm, offering excellent thermal isolation. The diaphragms are integrated 
with resistive microheaters and temperature sensors as well as a 100-junction Sb-Bi 
thermopile for thermal control and sensing. The differential power between a sample and 
a reference material contained in the chambers is measured via the thermopile, while the 
chamber temperature is varied at a specified rate, with a periodic modulation component 
provided by the on-chip heaters. 
Characterization of the device yielded a DC responsivity of 8 mV/mW and a 
thermal time constant of approximately 2.0 s. The frequency response of the device 
indicated that optimal sensitivity could be obtained in a modulation frequency range of 
0.5–20 Hz. Measurement of the unfolding of lysozyme at concentrations of 20 and 10 
mg/mL using the device was performed at modulation frequencies of 1, 5, and 10 Hz, 
yielding consistent results representing the protein’s two-state conformational transition. 
The specific heat capacity and the melting temperature during the unfolding process were 
calculated and found to agree with widely accepted data in the literature. These results 
demonstrate the potential of MEMS-based AC-DSC for thermodynamic characterization 
of biomolecules. 
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Chapter 6 A MEMS Isothermal Titration Biocalorimeter 
 
This chapter presents a MEMS ITC device for characterization of biomolecular 
interactions. The MEMS device consists of two identical microchambers, each situated 
on a freestanding diaphragm and surrounded by air cavities for effective thermal isolation. 
The chambers are integrated with a thin-film Sb-Bi thermopile and connected to the inlets 
through a passive chaotic micromixer. The mixer uses herringbone-shaped ridges in the 
ceiling of a serpentine channel to generate a chaotic flow pattern that induces mixing of 
the incoming liquid streams. For ITC measurements, the sample and binding reagent 
introduced into the device are first mixed before they enter the reaction calorimetric 
chamber. Meanwhile, the sample and pure buffer are also introduced, becoming mixed 
before entering the reference calorimetric chamber. The differential temperature between 
the chambers is measured using the integrated thermopile, and is used to compute the 
thermal power from the reaction, and in turn, the thermodynamic parameters. We 
demonstrate experimental results of the biomolecular interactions, using binding systems 
of 18-Crown-6 (18-C-6) and barium chloride (BaCl2), as well as ribonuclease A (RNase 
A) and cytidine 2’-monophosphate (2’CMP), in a 1-L volume at concentrations as low 
as 2 mM. Consistent temperature-dependent thermodynamic properties of the 
biomolecular binding, including the stoichiometry, equilibrium binding constant, and 
enthalpy change, are obtained and found to agree with published results using 
conventional calorimeters. 
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6.1 Background 
ITC directly measures heat evolved in a biochemical reaction as a function of the 
molar reactant ratio, and simultaneously determines all binding parameters, providing an 
efficient, high-precision, label-free method for characterization of biomolecular 
interactions [63]. Conventional ITC instruments [174], however, have been limited by 
complicated structural design, slow thermal response, and large sample and reagent 
consumption. These issues can potentially be addressed by miniaturization via MEMS 
technology. MEMS-based calorimetric devices can have unique advantages over 
conventional instruments, including reduced sample consumption, rapid time response, 
and improved throughput [164]. While MEMS technology holds the potential in 
improved biocalorimetry for characterization of biomolecular interactions, this 
opportunity has not been extensively explored. One major issue with MEMS calorimetric 
devices is the inadequate capability of handling liquid biochemical samples, representing 
by their general use for solid- or gas-phase samples [101, 175], or for liquid-phase 
samples without fluidic confinement [176] or integrating with off-chip external flow cells 
[103].  
Recently, by integrating microfluidic functionalities and MEMS-based thermal 
transduction, several microfluidic calorimeters featuring sensitive detection of the 
reaction of liquid samples have been reported [177-180]. In terms of microfluidic 
handling, there are currently two major types of microfluidic calorimeters: flow-through 
calorimeters [181, 182] in which micro-chambers or channels are used as biological 
reactors while sample solutions are introduced by continuous flows, and droplet-based 
calorimeters [183] in which discrete sample droplets are generated and transported to a 
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surface for thermal detection. However, when used for characterization of biomolecular 
interactions, the flow-through calorimeters still consume considerable amount of samples 
and conduct measurements without well-defined volumes, which makes it difficult to 
obtain quantitative information associated with the reaction; while the droplet-based 
calorimeters typically have complicated design due to on-chip droplet generation and 
manipulation, and are significantly affected by energy dissipation via evaporation. 
Furthermore, with the function of titration, i.e., introduction of reactants at 
controlled molar ratios, incorporated into microfluidic calorimeters [184], there have 
been a few attempts of integrated ITC measurements of biochemical interactions on 
MEMS devices. By continuous in-channel delivery of reactants with varying molar rates 
to a flow-focusing junction, the heat flux upon the chemical reaction was measured and 
used to calculate the enthalpy change [185]. By varying the concentrations of reactant 
solutions that were deposited to form individual droplets, the reaction heat was measured 
as a function of reactants’ molar ratio [111]. Also by sequential injections of small 
droplets containing a reactant to a larger droplet containing the other reactant, the 
reaction heat per injection was measured in real time [186]. Despite the demonstration of 
ITC, these devices are generally difficult to accurately control the environment where the 
reactions are measured [187]. For example, the reaction temperature, an important 
parameter for thermodynamic characterization as biological processes are ubiquitously 
temperature-dependent, was not properly controlled. Moreover, the existing MEMS 
calorimeters generally lack mixing functionalities which can be critical for reaction of 
microfluidic sample solutions [188]. Although on-chip micro-mixers have been 
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integrated in microfluidic devices for potentiometric detection of biochemical reaction 
[189], their application in MEMS calorimeters has yet to be explored.  
Here we present a MEMS-ITC device aiming at addressing these critical issues. 
The device integrates two microfluidic chambers for reaction and reference, respectively, 
situated on freestanding diaphragms and surrounded by air cavities for effective thermal 
isolation. Each calorimetric chamber is connected to the inlets through a passive chaotic 
mixer [190] to allow for a single-injection of the reactant solutions (each 0.5 L) to be 
fully mixed before entering the reaction calorimetric chamber, and simultaneously a 
single-injection of buffer solutions entering the reference chamber. A sensitive 
thermopile is integrated in the diaphragm for thermoelectric detection of the biochemical 
reaction heat. The device is tested in a custom-built thermal enclosure that shields 
environmental disturbance and provides well-controlled temperatures to measurements. 
This device allows MEMS-based ITC measurements with well defined miniature reaction 
volumes and at properly controlled temperatures. We apply this device for temperature-
dependent characterization of biochemical reaction and ligand-protein binding at sample 
concentrations as low as 2 mM, demonstrating the potential of efficient thermodynamic 
characterization of biomolecular interactions with minimized sample consumption.  
 
6.2 Materials and Methods 
6.2.1 Principle and Design 
ITC measures reaction heat as a function of the molar ratio of the reactants. 
Consider a solution-phase biochemical reaction  
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 1 2X M MXn n H                                           (6-1) 
where X is a binding reagent (i.e., a ligand) reacting with a sample molecule M, resulting 
in the product MX accompanied by a change of enthalpy H. In ITC, the ligand is titrated, 
i.e., successively added in known aliquots, into the sample, while the reaction heat is 
measured. This data is then used to calculate the thermodynamic properties of the 
reaction, including the equilibrium binding constant KB = [MX]/[X][M] ([] denotes the 
equilibrium concentration of the species), stoichiometry N = n1/n2, and molar enthalpy 
change (H). In particular, if the ligand and sample have a single set of identical binding 
sites [191], the biochemical reaction heat can be expressed as [191] 
 20 1 1 41 (1 )
2
t
B t B t
NM HV r r rQ
N NK M N NK M N
         
           (6-2) 
where Q is the biochemical reaction heat evolved at a molar ratio  t
t
Xr
M
 , V0 is the 
active volume for reaction, Mt is the total concentration of the sample, free plus bound, in 
the reaction cell of volume V0, and Xt is the total concentration of the ligand that is 
titrated into the sample solution. 
The reaction heat is calculated based on the monitoring of the bio-thermal power 
during the reaction. ITC measurements usually use a differential scheme in which two 
calorimetric chambers are exploited for the reaction and reference, respectively. Both 
chambers are filled with the sample solution, while the reaction and reference chambers 
are titrated with the binding reagent and buffer solution, individually. The biochemical 
reaction, either exothermic or endothermic, induces a thermal power difference between 
the calorimetric chambers: s rP P P   , where Ps and Pr are the thermal power in the 
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reaction and reference chamber, respectively. A thermoelectric sensor can be used to 
detect the differential power [147] 
 UP
S
                                                       (6-3) 
where U is the output from the thermoelectric sensor and S is the thermoelectric 
sensitivity, i.e., the output electrical voltage generated by unit differential thermal power 
[147, 170]. 
The MEMS-ITC device integrates two identical PDMS microchambers each 
situated on a freestanding polyimide diaphragm and surrounded by air cavities for 
effective thermal isolation. The chambers are each connected to the inlets through a 
passive chaotic micromixer. The mixer uses herringbone-shaped ridges in the ceiling of a 
serpentine channel (Figure 6-1a) to generate a chaotic flow pattern that induces mixing of 
the incoming liquid streams [190]. The diaphragm embeds a layer of thin-film Sb-Bi 
thermopile with its cold and hot junctions located underneath the centers of the 
calorimetric chambers to measure the thermal power difference between the reaction and 
the reference (Figure 6-1b). Each calorimetric chamber is also equipped with integrated 
thin-film resistive micro-temperature sensor and heater for in-situ temperature monitoring 
and on-chip device calibration [170]. 
For ITC measurements, the sample and ligand introduced into the device are first 
mixed in the mixer, and then enter the reaction calorimetric chamber, where the reaction 
is completed. In the same time, the sample and pure buffer are also introduced into the 
device, becoming mixed before entering the reference calorimetric chamber. The 
differential temperature between the chambers is measured using the integrated 
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thermopile, and is use to determine the thermal power from the reaction, from which the 
thermodynamic reaction parameters are calculated.  
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Figure 6-1: (a) MEMS-ITC design and (b) top view of the device schematic. 
6.2.2 Fabrication and Measurement Setup 
The fabrication of the MEMS-ITC device was described elsewhere [170]. In 
particular, the chaotic mixers and the calorimetric chambers were fabricated in a single 
sheet using PDMS replica technique based on multiple-layered SU-8 molding [173]. The 
microfabricated device integrated a 50-junction Sb-Bi thermopile and two 0.75-L 
calorimetric chambers with a center-to-center separation of 4 mm. The calorimetric 
chambers had a cylindrical shape with a height of 150 m and a diameter of 2.5 mm. The 
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chaotic mixers were serpentine microchannels (width: 200 m, height: 150 m, length: 
approximately 15 mm) with herringbone-shaped ridges on the ceiling which each had a 
width of 40 m, a height of 50 m, an orientation angle of 60° to the channel sidewall, 
and a edge-to-edge distance between adjacent ridges of 30 m. The nominal resistances 
of the integrated resistive microheaters and temperature sensors were 40  and 55 , 
respectively. Figure 6-2 shows the images of important elements in the thermal substrate 
and PDMS structure, including the embedded thermopile, micro-temperature sensor, 
calorimetric chamber and chaotic mixer.  
20 m
100 m
(a)
1 mm
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Figure 6-2: Fabrication Images of important chip elements: (a) the thermopile junctions and temperature 
sensor; (b) the PDMS calorimetric chambers and chaotic mixers.  
To test the MEMS-ITC device, a thermal enclosure was custom-built to house the 
device (Figure 6-3) to shield thermal disturbance from ambient, as well as provide 
uniform temperature control to the solutions loaded in the device. The general design 
scheme of the thermal enclosure was described elsewhere [170]. For MEMS-ITC 
measurements, this thermal enclosure was improved with additional thermal isolation by 
suspending the sample stage from the base, vibration isolation by enhanced base mass 
and rubber buffering layer, and multiple-ports microfluidic feedthrough to the device. 
The temperature control of the thermal enclosure was implemented by a commercial 
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temperature controller (Lakeshore Model 331). The device was first packaged with 
electrical interconnection wires and fluidic interconnection tubes before it was situated on 
the sample stage inside the thermal enclosure. 
The on-chip microheaters, used for device calibration, were driven by a DC power 
supply (Agilent E3631A) and generated a constant differential heating power in the 
calorimetric chambers. The on-chip temperature sensors, used for in-situ temperature 
monitoring of the calorimetric chambers, were interrogated by a digital multimeter 
(Agilent 34410A). The thermopile output voltage, which is proportional to the 
differential temperature between the chambers, was measured by a nanovoltmeter 
(Agilent 34420A). The temperature monitoring of the calorimetric chambers and 
thermoelectric measurements were automated using a personal computer via a 
LabVIEW-based program (Figure 6-3). The biological sample and buffer solutions were 
degassed with a vacuum chamber built in-house, metered introduced into the MEMS-ITC 
device using a multiple-injections syringe pump (KD Scientific, KDS 220). 
Thermal 
enclosure
Syringe pump
Computer
Temperature controller
Nanovoltmeter MEMS‐ITC device
 
Figure 6-3: Images Testing setup for the MEMS-ITC device, with an inset showing the device situated 
inside the thermal enclosure. 
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6.2.3 Experimental Method 
The device was first calibrated by measuring its steady-state and transient 
response to differential power generated by on-chip microheaters as described elsewhere 
[170]. Before ITC measurements, the baseline in device output, i.e., the thermopile output 
voltage in the absence of reaction, was measured with introduction of sample and buffer 
solutions to both calorimetric chambers. During ITC measurements, the thermal 
enclosure provided a controlled reaction temperature while the thermopile output, 
indicative of the differential bio-thermal power, was detected in real time, as well as the 
integrated micro-temperature sensor to monitor the temperatures of calorimetric 
chambers. The volume of ligand and sample was fixed at 0.5 L for each injection, while 
the molar ratio was adjusted by changing the concentration of ligand to be injected. The 
baseline in device output was always subtracted from the measurement signal for 
determination of thermodynamic properties of biomolecules. 
 
6.3 Result and Discussion 
6.3.1 Device Calibration 
We first calibrated the thermal time constant of the MEMS-ITC device by 
applying a step differential power of 90 W initially and then turned it off once the 
device output reached its equilibrium. The device output voltage was found to fit to first-
order exponential growth and decay functions upon the application and removal of the 
differential power, respectively, from which the thermal time constant was determined to 
be approximately 1.5 s (Figure 6-4a). In addition, we calibrated the steady-state response 
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of the device to varying differential power and observed a linear relationship showing a 
constant thermoelectric sensitivity of S=4.9 mV/mW (Figure 6-4b). We also calibrated 
the device’s sensitivity at controlled temperatures (provided by the thermal enclosure) 
from 20 to 45°C, and found it remained almost unchanged with a relative standard 
deviation of less than 3%.  
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Figure 6-4: Calibration of the MEMS-ITC device using on-chip differential heating power between the 
calorimetric chambers. (a) Transient response to a step differential power. (b) Steady-state response to a 
constant differential power.  
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6.3.2 Detection Specificity to Titration 
We then tested the baseline stability and detection specificity using a standard 
chemical reaction of 18-Crown-6 (18-C-6) and barium chloride (BaCl2) both prepared in 
sterile water (all chemicals from Sigma Aldrich). Using a flow rate of 50 L/min, the 
solutions were injected into the calorimetric chambers within 1 s. Using a data acquisition 
rate of 2 s-1 to monitoring the device output in real time, we did not see appreciable delay 
after injection, indicating full mixing of the reactants. Figure 6-5 showed the time-
resolved thermopile voltage upon introduction of 4 mM BaCl2 and 5 mM 18-C-6 (each 
0.5 L) in the reaction chamber, compared with the signal upon introduction of sterile 
water and 5 mM 18-C-6 (also each 0.5 L). For both measurements, the reference 
chamber was injected with sterile water and 5 mM 18-C-6, and a data acquisition rate of 
0.2 s-1 was used due to instrument configuration for lower background noise. As can be 
seen from Figure 6-5, the device exhibited a stable baseline throughout the measurements 
and a reaction-specific spike attributable to the exothermic nature of the binding between 
18-C-6 and BaCl2. Also note that the reaction completed in approximately 20-30 s, 
during which interference from solution injection and mixing were generally negligible. 
  
120
-8
-4
0
4
8
12
0 2 4 6 8 10
Th
er
m
op
ile
 o
ut
pu
t (
V
)
Time (min)
18-C-6 + BaCl
18-C-6 + DI water
2
 
Figure 6-5: Time-resolved device output upon introduction of 5 mM 18-C-6 and 4 mM BaCl2 (each 0.5 
L), compared with measurement of 5 mM 18-C-6 titrated by DI water. (The traces are intentionally 
plotted with an offset of 4 V for clarity.) 
6.3.3 ITC Measurement of Biochemical Reactions 
We then used the calibrated MEMS-ITC device to characterize biomolecular 
interactions. We first used the BaCl2-18-C-6 reaction to validate our ITC measurements 
[192]. By varying the molar ratio (MBaCl2/M18-C-6) from 0.1 to 2, the baseline-subtracted 
device output (Figure 6-6a) demonstrated spikes consistent with the titration reactions. 
Rather than measuring the heat evolved with the addition of several aliquots of BaCl2 to a 
single sample of 18-C-6 as performed in commercial ITC instruments [174], our ITC 
experiment was performed at discrete measurements [111] each with a definite 
concentration of BaCl2 (0.5–10 mM) and a fixed concentration of 18-C-6 (5 mM). Each 
measurement was completed in approximately 5 min. 
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The thermopile voltage was then used to calculate the bio-thermal power based on 
Eq. (6-3), and in turn the reaction heat by integral of the bio-thermal power during the 
process. The reaction heat as a function of reactant molar ratio generated a binding 
isotherm [111, 174], from which the thermodynamic properties can be obtained through 
fitting to the analytical model (Eq. (6-2)). The binding isotherm of the reaction of 18-C-6 
and BaCl2, as well as the fitted curve, is shown in Figure 6-6b, with error bars 
representing the standard deviation from three measurements at each molar ratio. Note 
that for this specific BaCl2-18-C-6 system, our device affords detectable sample 
concentrations approaching those of conventional instruments (ca. 1 mM) [1] with 
roughly three orders of magnitude reduction in volume. 
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Figure 6-6: (a) Device output (baseline subtracted) of the binding of 5 mM 18-C-6 and BaCl2 at a series of 
molar ratios (MBaCl2/M18-C-6): (1) 0.1, (2) 0.4, (3) 0.8, (4) 1.0, (5) 1.2, (6) 1.6, (7) 2.0. (b) Calculated 
biochemical heat of the binding of 18-C-6 and BaCl2 (error bars included) as a function of molar ratio, as 
well as the fitted curve to the identical binding-site model.  
6.3.4 Determination of Temperature-Dependent Thermodynamic Properties 
We performed ITC measurements of the biochemical reaction of 18-C-6 and 
BaCl2 at controlled temperatures of 23 and 35 ºC, and used the resulting binding 
isotherms to compute the temperature-dependent thermodynamic properties of N, KB and 
H (Table 6-1). In particular, as temperature increases from 23 to 35 ºC, N slightly 
increases from 1.00 to 1.05, while KB decreases from approximately 6.0×10-3 to 2.0×10-3 
M-1 and H decreases from 30.0 to 27.8 kJ/mol, showing a trend of slightly weaker 
binding with temperature. These properties and their temperature dependence obtained by 
our measurements agree reasonably with published data using commercial calorimeters 
[193] (Table 6-1). 
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Table 6-1: Temperature-dependent thermodynamic properties: the stoichiometry (N), binding affinity (KB), 
and molar enthalpy change (H), of the binding of 18-C-6 and BaCl2 at controlled temperatures of 23 and 
35 °C, compared with published data under similar experiment conditions [193]. 
Temperature (ºC) Stoichiometry (N) KB (M-1) H (kJ/mol)
Our results 23 1.00 ~6.0×103 30.0
35 1.05 ~2.8×103 27.8
Published data 25 1.01 5.63×103 29.9
40 0.97 3.17×103 29.4
 
6.3.5 Temperature-Dependent Characterization of Biomolecular Interactions 
We further applied the MEMS-ITC device for characterization of biomolecular 
interactions, e.g., ligand-protein binding, using a demonstrative system of cytidine 2’-
monophosphate (2’CMP) and ribonuclease A (RNase A) (Sigma Aldrich). 2’CMP is 
known as a strong inhibitor of substrates that bind to the active site of RNase A [174]. 
Both reagents were prepared in 50 mM potassium acetate buffer, pH 5.5. Similarly, at 
varying molar ratios (M2’CMP/MRNase A) from 0.1 to 2, the device output exhibited 
titration-dependent spikes in correspondence to the molar ratio (Figure 6-7). We also 
performed ITC measurements of 2’CMP-RNase A binding at controlled temperatures of 
23 and 35 °C with error bars from three measurements at each molar ratio (not shown). In 
turn, the temperature-dependent thermodynamic properties associated with this 
biomolecular interaction were determined (Table 6-2) from fitting the experimental data 
to the described model (Eq. (6-2)). The results from our measurements again agreed 
reasonably well with published data using commercial ITC instruments [174]. For 
2’CMP-RNase A interaction, the reasonably detectable concentration of RNase A can be 
as low as 2 mM. These results demonstrate the potential utility of this MEMS-ITC device 
for efficient characterization of a wide variety of biomolecular interactions. 
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Figure 6-7: Device output (baseline subtracted) of the binding of 2 mM RNase A and 2’CMP at a series of 
molar ratios (M2’CMP/MRNase A): (1) 0.1, (2) 0.4, (3) 0.8, (4) 1.0, (5) 1.2, (6) 1.6, (7) 2.0.  
 
Table 6-2: Temperature-dependent thermodynamic properties: the stoichiometry (N), binding affinity (KB), 
and molar enthalpy change (H), of the binding of RNase A and 2’CMP at controlled temperatures of 23 
and 35 °C, compared with published data under similar experiment conditions [174]. 
Temperature (ºC) Stoichiometry (N) KB (M-1) H (kJ/mol)
Our results 23 1.01 ~9.0×104 52.3
35 1.07 ~4.0×104 56
Published data 28 1.00 8.27×104 51.4
38 1.04 4.85×104 57.5
 
 
6.4 Conclusions 
This chapter presents a MEMS device combining sensitive thermoelectric sensing 
and on-chip microfluidic mixing for isothermal titration calorimetric characterization of 
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biomolecular interactions. The MEMS device consists of a pair of PDMS microfluidic 
chambers (1L), each situated on a freestanding diaphragm and surrounded by air 
cavities for maximized thermal isolation. The chambers are each equipped with a thin-
film resistive micro-temperature sensor and heater for in-situ temperature monitoring and 
device calibration, and are integrated with a thin-film Sb-Bi thermopile to detect the 
differential temperature between chambers. Each chamber is connected to the inlets 
through a passive chaotic micromixer which uses herringbone-shaped ridges in the 
ceiling of a serpentine channel to generate a chaotic flow pattern that enhances mixing of 
the incoming liquid streams. For ITC measurements, the sample and binding reagent 
introduced into the device are first mixed before they enter the reaction chamber, while 
the sample and pure buffer are introduced and mixed before entering the reference 
chamber. The differential temperature between the chambers is measured using the 
integrated thermopile, and is used to compute the bio-thermal power, and furthermore, 
the thermodynamic parameters of the interaction. 
We first calibrated the MEMS-ITC device to determine its responsivity of 4.9 
mV/mW and thermal time constant of approximately 1.5 s. The baseline stability and 
detection specificity were then validated using a standard reaction system of 18-C-6 and 
BaCl2 compared with a control experiment in which 18-C-6 and sterile water were 
introduced. We then used the device to measure the reaction of 18-C-6 and BaCl2 at 
varying molar ratio in a 1-L volume at concentrations as low as 5 mM. With the 
temperature controlled at 23 and 35 °C, the bio-thermal power as s function of molar ratio 
from our ITC measurements was used to build binding isotherms from which consistent 
temperature-dependent thermodynamic properties of the biomolecular binding, including 
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the stoichiometry, equilibrium binding constant, and enthalpy change, are obtained and 
found to agree with published results using commercial calorimeters. We further applied 
the MEMS-ITC device for a ligand-protein binding system of 2’CMP and RNase A for 
demonstration with a volume of 1 L and concentrations as low as 2 mM. We again 
performed ITC measurements at 23 and 35 °C, obtaining consistent temperature-
dependent thermodynamic properties that agreed well with published data. These results 
demonstrate the potential of this MEMS-ITC device for efficient characterization of 
biomolecular interactions with minimized sample consumption.  
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Chapter 7  Concluding Remarks  
 
7.1 Thesis Summary 
In this thesis, several MEMS-based devices integrating microfluidic handling, in-
situ temperature control, and sensitive detection are presented for temperature-dependent 
characterization of biomolecular interactions within well-defined environments. These 
devices are aimed at different applications for surface-based and solution-based 
biomolecular interactions. For surface-based biomolecular interactions, microfluidic 
devices integrating on-chip micro-heaters and temperature sensors have been developed, 
either exploiting microcantilevers for temperature-dependent characterization of 
biomolecular affinity binding, or combining TIRF microscopy for investigation of the 
temperature dependence of biomolecular activity with single-molecule resolution. For 
solution-based interactions, MEMS-based calorimetric devices integrating effective 
thermal isolation, microfluidic chambers and on-chip passive mixing, sensitive 
thermoelectric sensing, and temperature scanning functionalities have been developed. 
These MEMS devices include DC- and AC-DSC sensors for probing the energetics of 
biomolecules through a range of temperature, as well as an ITC sensor for temperature-
dependent characterization of biochemical reactions and molecular interactions. For all 
these MEMS-based approaches, temperature-dependent thermodynamic properties 
underlying various biomolecular interactions have also been determined from our 
systematic measurements.  
Chapter 2 presents label-free characterization of temperature-dependent 
biomolecular affinity binding on solid surfaces using a microcantilever-based device 
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integrating on-chip temperature sensing. The device consists of a Parylene cantilever one 
side of which is coated with a thin gold film and functionalized with molecules of an 
affinity receptor to a target analyte. The cantilever is located in a PDMS microfluidic 
chamber which is integrated with a transparent ITO thin-film resistive temperature sensor 
on a glass slide. The ITO sensor allows for real-time measurements of the temperature 
inside the chamber with unobstructed optical access for reflection-based optical detection 
of the cantilever deflection. To test the temperature-dependent binding between the target 
and receptor, the temperature of the chamber is maintained at a constant setpoint, while 
the analyte solution is continuously infused through the chamber. The measured 
cantilever deflection is used to determine the thermodynamic properties associated with 
the target-receptor binding according to a monovalent binding kinetic model. We studied 
the temperature-dependent affinity binding between PDGF and an affinity aptamer with 
the chamber temperature controlled in the range of 19-37 °C. Quantitative binding 
properties were obtained, indicating strong temperature dependence of the binding of 
PDGF to the aptamer.  
In Chapter 3, a microfluidic approach to investigating the temperature-
dependence of single-molecule activity is presented. The approach utilizes a temperature-
controlled microfluidic flowcell coupled to a prism-based TIRF microscope. The 
temperature-controlled microfluidic flowcell consists of a set of parallel microchannels 
formed between a quartz slide and a glass coverslip on which thin-film micro-heaters, for 
efficient and rapid on-chip heating, and temperature sensors, for in situ temperature 
measurements within the microchannels, are integrated. Closed-loop, accurate 
temperature control is accomplished by a PID algorithm with the steady-state temperature 
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maintained within approximately ±0.01 ˚C of the desired setpoints while achieving 
thermal stability within less than 30 s. The utility of our microfluidic approach has been 
demonstrated by its application to the characterization of the temperature dependence of 
smFRET versus time trajectories reporting on the GS1 GS2 equilibrium within a PRE-A 
ribosomal complex. Analysis of the smFRET versus time trajectories recorded as a 
function of temperature reveal that the GS1 and GS2 states of PRE complexes represent 
configurations of the PRE complex that are preferentially populated at the physiologically 
relevant temperature of 37 C. In addition, analysis of the histograms of the dwell times 
spent in the GS1 or GS2 states prior to undergoing a transition plotted from the smFRET 
versus time trajectories recorded the various temperatures reveal that the frequencies of 
both GS1→GS2 and GS2→GS1 transitions increase as a function of increasing 
temperature.  
Chapter 4 presents a MEMS DSC sensor combining sensitive thermoelectric 
sensing and effective thermal isolation for thermodynamic characterization of small 
quantities of liquid-phase biomolecular samples. The device consists of a pair of PDMS 
microfluidic chambers (volume: 1 L), each situated on a freestanding polyimide 
diaphragm and surrounded by air cavities for thermal isolation. The calorimetric 
chambers are each integrated with a thin-film resistive gold temperature sensor and heater 
for temperature monitoring and on-chip calibration heating. The chambers are also 
integrated with a thin-film Sb-Bi thermopile whose hot and cold junctions are located at 
the centers of the chambers to measure the differential temperature between chambers. 
With their temperature scanned at a constant rate over a range of interest, the differential 
thermal power between the biomolecular sample and reference solution is measured via 
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the thermopile voltage in real time and used to compute the thermodynamic properties. 
The MEMS DSC sensor was first calibrated to determine its responsivity (4 mV/mW) 
and thermal time constant (2.0 s). It was then used to measure the unfolding of lysozyme 
at detectable sample concentrations approaching 1 mg/mL. The partial specific heat 
capacity, the change of molar enthalpy, and the melting temperature were determined and 
found in agreement with reported values in literature. We also investigated the effects of 
choice of temperature scanning rate on DSC measurements using the device and observed 
that a temperature scanning rate as high as 5 ºC/min is adequate for the characterization 
of lysozyme unfolding. 
As a variant of standard DSC, AC-DSC characterization of liquid biomolecules in 
a MEMS device is presented in Chapter 5. The device consists of two PDMS 
microfluidic calorimetric chambers each 1 L in volume. The chambers are each 
surrounded by air gaps and based on a freestanding polyimide diaphragm, offering 
excellent thermal isolation. The diaphragms are integrated with resistive microheaters 
and temperature sensors as well as a 100-junction Sb-Bi thermopile for thermal control 
and sensing. The differential power between a sample and a reference material contained 
in the chambers is measured via the thermopile, while the chamber temperature is varied 
at a specified rate, with a periodic modulation component provided by the on-chip heaters. 
Characterization of the device yielded a DC responsivity of 8 mV/mW and a thermal time 
constant of approximately 2.0 s. The frequency response of the device indicated that 
optimal sensitivity could be obtained in a modulation frequency range of 0.5–20 Hz. 
Measurement of the unfolding of lysozyme at concentrations of 20 and 10 mg/mL using 
the device was performed at modulation frequencies of 1, 5, and 10 Hz. The specific heat 
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capacity and the melting temperature during the unfolding process were calculated and 
found to agree with widely accepted data in the literature. 
In Chapter 6, a MEMS device combining sensitive thermoelectric sensing and on-
chip microfluidic mixing for ITC characterization of biomolecular interactions is 
presented. The MEMS device consists of a pair of PDMS microfluidic chambers (1L), 
each again situated on a freestanding diaphragm and surrounded by air cavities for 
maximized thermal isolation. The chambers are each equipped with a thin-film resistive 
micro-temperature sensor and heater, and are integrated with a thin-film Sb-Bi thermopile 
to detect the differential temperature between chambers. Each chamber is connected to 
the inlets through a passive chaotic micromixer which uses herringbone-shaped ridges in 
the ceiling of a serpentine channel to generate a chaotic flow pattern that enhances 
mixing of the incoming liquid streams. For ITC measurements, the sample and binding 
reagent introduced into the device are first mixed before they enter the reaction chamber, 
while the sample and pure buffer are introduced and mixed before entering the reference 
chamber. The differential temperature between the chambers is measured using the 
integrated thermopile, and is used to compute the bio-thermal power. We first calibrated 
the MEMS-ITC device to determine its responsivity of 4.9 mV/mW and thermal time 
constant of approximately 1.5 s. We then used the device to measure the reaction of 18-
C-6 and BaCl2 and a ligand-protein binding system of 2’CMP and RNase A at varying 
molar ratios in a 1-L volume at concentrations as low as 2 mM with the temperature 
controlled at 23 and 35 °C. Temperature-dependent thermodynamic properties of the 
biomolecular binding, including the stoichiometry, equilibrium binding constant, and 
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enthalpy change, are obtained and found to agree with published results using 
commercial calorimeters.  
The techniques and devices presented in this thesis demonstrate the great potential 
of MEMS-based integrated microsystems for various temperature-dependent 
biomolecular characterization applications. 
 
7.2 Future Work 
The MEMS-based devices described in this thesis provide a robust framework for 
temperature-dependent characterization of biomolecular interactions within well-defined 
micro-environments. In addition to the future work discussed at the conclusion of each 
individual chapter, the following opportunities might be significant extensions to the 
work presented in this thesis. 
7.2.1 Further Size Reduction of Sensors and Reactors 
Miniaturization [194] has been a major feature of MEMS devices with significant 
advantages including minimized sample consumption, higher integration of functional 
units in a single device, lower cost, and enhanced portability. When applied for 
temperature-dependent characterization of biomolecular interactions, further reduction of 
device size is more important in that thermal response and heating efficiency can be 
improved due to reduced thermal mass. There have been several attempts of extreme size 
reduction for MEMS-based biomolecular characterization in literature. For example, 
MEMS calorimetric devices measuring droplet-based reactions with a volume of tens of 
nanoliters [186] or integrating isolated small microchambers (a few nanoliters) as bio-
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reactors [110]. The MEMS devices presented in this thesis are typically based on silicon 
or glass substrate with a typical chip size of approximately 1×1 cm2, while the 
microfluidic channels or chambers typically have a volume of approximately 1 L. These 
dimensions can be further reduced in future studies with proper addressing the 
accompanying issues such as fabrication yield, design of other elements (e.g., 
microheaters arrayed along channels) to maintain the same functions, and detection setup 
improvement.  
7.2.2 Improvement of Thermal Isolation and Minimization of Noise 
For thermal biosensors, the detection sensitivity and accuracy also strongly 
depend on the thermal isolation of the biomolecular interactions [152]. This actually 
requires additional experimental setup in biomolecular characterization applications. For 
example, many conventional calorimeters have to equip strict thermal shielding or even 
adiabatic environment [195] to meet certain detection requirements. In our MEMS-based 
calorimetry studies, we have noticed that the device responsivity is affected by the 
thermal isolation between the calorimetric chambers significantly. For example, using a 
typical MEMS DSC device with two 1-L microchambers and a 50-junction Sb-Bi 
thermopile integrated, the thermoelectric sensitivity, i.e., the coefficient of the thermopile 
output voltage changes as a function of differential thermal power, was determined to be 
~ 4 mV/mW with both chambers situated on freestanding diaphragms, while < 1 mV/mW 
with a 50-m thick silicon residual layer underneath the diaphragms. 
For maximized thermal isolation, our current MEMS calorimetric design features 
totally freestanding diaphragms with surrounding air cavities, as well as operating in a 
custom-built thermal enclosure providing shielding from the environmental disturbances.  
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To further improve the thermal isolation between the calorimetric chambers, both the 
device design and the thermal enclosure can be reconfigured in future studies. For device 
design, the structure such as the geometry of the thermopile, the supporting frame, and 
the diaphragm and chamber, can be modified. For example, the fabrication substrate can 
be another low-thermal conductivity material other than silicon. The two calorimetric 
chambers can be situated on a large diaphragm with miniaturized access channels such 
that both chambers can be extremely isolated. For thermal enclosure, more metal 
enclosures can be used while the inside can be vacuumed to provide enhanced thermal 
shielding. 
The thermoelectric detection capability is also significantly limited by the 
background thermal noise in measurements. The major thermal noise, Johnson noise, is 
defined as 4n BU k T f R   , where kB is the Boltzmann constant, T the temperature, f 
the measurement bandwidth, and R the electrical resistance of a thermal sensor. To 
reduce the Johnson noise of the thermal sensor, an effective method would be reducing 
the electrical resistance of the thermal sensor, i.e., the thermopile used in MEMS 
calorimeters. This goal can be achieved by optimizing the geometric parameters of the 
thermopile, such as the line width, length, and thickness, and the number of thermal 
junctions. In addition, configuration of the instruments and experimental setup to enable a 
lower measurement bandwidth can also reduce Johnson noise significantly. However, a 
lower bandwidth also induces a longer duration for data integration and hence a lower 
data acquisition rate. 
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7.2.3 High-Throughput Arrays 
High throughput [194] has been another truly intriguing advantage using MEMS 
devices for biomolecular characterization [165]. As enable by MEMS design and 
fabrication, multiple functional elements can be simply integrated in a single device for 
parallel measurements. The work presented in this thesis holds great potential in 
improving the throughput along this scheme. For example, microcantileves are known to 
be fabricated in pairs for interferometric measurements or lined up in parallel 
microchannels such that multiple experiments can be performed simultaneously. In 
addition, the MEMS DSC and ITC devices can also be transplant to an array on which 
multiple sets of calorimetric chambers with micro-mixers and thermal sensors can be 
integrated again for characterization of many bio-samples efficiently. As such, these 
arrays can be potentially used as high-throughput drug screening platforms, and thus are 
very beneficial to both scientific investigations and healthcare. We should also be aware 
that many efforts are further needed to achieve such arrays. One prominent issue would 
be the liquid-phase sample introduction and control in which complicated microfluidic 
network and valving [196, 197] is required. 
However, the future work listed above is representative, but not all-inclusive. The 
prospective MEMS devices for temperature-dependent characterization of biomolecular 
interactions are expected to have improved sensitivity, accuracy, faster thermal response, 
higher throughput, and enhanced reliability. Many novel features and functionalities may 
continuously emerge with the development of engineering techniques and the ceaseless 
pursuit of mankind in practicability, convenience, and comfort.  
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